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THIS  HOOK  presents  instructions,  standards, 
and  procedures  for  use  in  the  design  of  small 
dams     it  is  intended  to  serve  primarily  as  a 
guide  to  safe  practices  for  those  concerned  with 

the  design  of  small  dams  m  public  wink-  programs 
in  the  Tinted  States  The  hook  wdl  serve  this 
purpose  m  three  wa\-  1  It  will  provide  engi- 
neers with  information  and  data  necessary  for  the 
proper  design  of  small  dams;  (2)  it  will  provide 
Specialized  and  highly  technical  knowledge  con- 
cerning the  design  of  small  dams  m  a  form  that 
can  he  used  readily  b\  engineers  who  do  not 
specialize  in  this  field;  and  (3)  it  will  simplify 
design  procedures  for  small  earthfill  dams. 

An  earlier  publication,  "Low  Dams,"  which  was 
prepared  in  1938  by  the  National  Resources  Com- 
mittee, presented  much  useful  information  on  the 
design  of  small  dams.      In  the  20  years  that  have 
elapsed  Bince  the  printing  of  that   book,   however, 
there   have  been   many   technical   advances  in   the 
design  of  dams,  and  the  need  for  a  new  work  incor- 
porating the  latest    design   techniques  has   become 
increasingly     evident.      It     is    believed     that     this 
book.  "Design  of  Small  Dams,"  will  fill  that  need. 
The  new  book  retains  much  of  the  format  of  "Lou 
Dam-"  jiiul  some  of  the  material  from  the  earlier 
publication  has  been  incorporated  in  the  new  one, 
but  most  of  the  text  is  wholly  new. 

Although  this  text  is  related  almost  exclusively 
to  the  design  of  -mall  dams  and  appurtenant  struc- 
tures, it  is  important  that  the  designer  he  familiar 
with  the  purposes  of  the  project,  the  considerations 
influencing  its  justification,  and  the  manner  of 
arriving  at  the  size  and  type  of  structure  to  be 
built      For  these  reasons  an  outline  discussion  of 

a  desirable  project  investigation  ha-  been  included 
in  chapter  I. 


Only  the  more  common  t  \  pes  of  small  dams  now 
being  constructed  are  dJSCUSSed  These  include 
concrete  gravity,  earthfill  (roUed-tvpe  .  and  rock- 
fill  dams  Emphasis  is  placed  on  the  design  of 
rolled  earthfill  dams  because  the\  are  the  n, 
common  type  For  the  purpose  of  this  book, 
small  dams  include  those  structures  with  heights 
above  streambed  not  exceeding  ■"><)  bet  except  for 
concrete  dams  on  pervious  foundations  For  the 
latter  structures,   the   maximum   height    is  further 

limited  to  dams  whose  maximum  net  head-  (head- 
water to  tailwater)  do  not  exceed  20  feet  The 
text  is  not  intended  to  cover  dam-  of  such  large 
volumes  that  significant  economies  can  be  ob- 
tained by  utilizing  the  more  |  <»f 
design  usually  reserved  for  large  dams       L 

nition  of  the  limited  engineering  tistified  for 

small  dams,  emphasis  is  placed  on  efficiency  and 
relatively  inexpensive  procedures  to  determine  the 
necessary  design  data.  Simplified  design  metL 
are  given  to  avoid  the  complex  procedures  and 
special  investigations  required  for  large  dams  or 
for  unusual  conditions  Adequate  but  not  unduly 
conservative  factors  of  safety  are  used  in  tin- 
simplified  design  method-. 

Small  dams  are  properly  considered  to  be  i 

ciatcd    with   small   streams  and   drama.  of 

limited  extent        For  these  situations  or  for  tho 
in   which  spillway  capacity    is  obtainable  at    rela- 
tively low    cost,  a  sufficient   approximation  of  the 
inflow    design   flood   discharge   ma\    be  determined 
by   procedures  given  m  this  text        For  important 

project-,  particularly  where  the  spillwa 

major  item  of  project  cost  and  thus  may  have  an 

important    bearing   on    project    feasibility,  m 

exact  and  complex  Studies  which  are  be\ond  the 
scope  of  this   text    llia\    lie  justified 

This  text   is  addressed  to  the  designer  of  the 
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structure  and  does  not  include  in  its  scope  the 
field  of  construction  practices  or  methods.  How- 
ever, as  the  integrity  of  the  design  requires  adher- 
ence to  limiting  specifications  for  materials  and  to 
the  practice  of  good  workmanship  in  construction, 
appendixes  are  included  on  "Construction  of 
Embankments,"  "Concrete  in  Construction,"  and 
"Sample  Specifications."  More  detailed  specifi- 
cations will  be  required  to  insure  proper  construc- 
tion of  any  specific  dam. 

This  text  is  not  intended  in  any  way  to  encour- 
age assumption  of  undue  responsibility  on  the  part 
of  unqualified  personnel,  but  rather  to  point  out 
the  importance  of  specialized  training  and  to 
stimulate  wider  use  of  technically  trained  and 
experienced  consultants. 

This  text  should  be  of  service  to  all  concerned 
with  the  planning  of  small  water  storage  projects, 
but  in  no  way  does  it  relieve  any  agency  or  person 
using  it  of  the  responsibility  for  safe  and  adequate 
design.  The  stated  limitations  of  the  design 
procedures  should  be  heeded. 

This  book  was  prepared  by  the  engineers  of  this 
Bureau,  United  States  Department  of  the  Interior, 
in  my  office  at  Denver,  Colo.,  under  the  direction 
of  Grant  Bloodgood,  Assistant  Commissioner  and 
Chief  Engineer,  and  L.  G.  Puis,  Chief  Designing 
Engineer.  More  than  30  engineers  and  many 
technicians  participated  in  the  preparation  of  the 


book  or  in  its  critical  review,  and  the  efforts  of  all 
of  these  are  gratefully  acknowledged.  Special 
recognition  is  given  O.  L.  Rice,  Chief  of  the  Dams 
Branch,  for  his  guidance  and  counsel,  especially  in 
determining  the  scope  and  treatment  of  the  text. 

The  text  was  coordinated  and  edited  by  H.  G. 
Arthur,  Supervisor,  Design  Unit,  Earth  Dams 
Section,  and  final  review  and  preparation  of  the 
manuscript  for  the  printer  was  by  E.  H.  Larson, 
Head,  Manuals  and  Technical  Records  Section. 

The  Bureau  of  Reclamation  expresses  grateful 
appreciation  to  those  organizations  which  have 
permitted  the  use  of  material  from  their  publica- 
tions, especially  the  Soil  Conservation  Service, 
United  States  Department  of  Agriculture,  whose 
material  was  used  in  appendix  A;  and  the  Corps 
of  Engineers,  United  States  Department  of  the 
Army,  whose  Technical  Manual  TM  5-545  was 
freely  used  in  the  preparation  of  part  D  of  chapter 
IV.  Acknowledgments  to  other  organizations 
furnishing  a  lesser  amount  of  material  are  given 
throughout  the  text. 


Floyd  E.  Dominy, 

Commissioner. 
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«     Chapter    I 


Project  Planning 


A.   F.  JOHNSON 


A.     PURPOSE  OF  THE  DEVELOPMENT 


1.  General.  In  this  text,  the  term  "project" 
means  a  water  resource  development.  It  may  be 
unall  or  large,  simple  or  complex,  Ben  ing  one  pur- 
pose or  set  eral,  bul  it  should  pro\  ide  the  facilities 
to  accomplish  the  optimum  development  of  related 
physical  resources,  Although  this  text  is  con- 
cerned with  small  dams  as  one  type  of  facility,  the 
investigations  and  studies  made  for  these  dams 
must  be  considered  in  relation  to  the  function  they 

perform  m  accomplishing  the  purposes  of  the  proj- 
ect as  a  u  hole.  The  project 's  object  ives,  purposes, 
and   scope  determine   what    must    he   investigated 

with  respect   to  dams. 

In  many  cases,  the  project  will  he  of  a  dual  or 
multipurpose  type.  For  tins  reason,  the  investi- 
gations may  encompass  a  large  number  of  matters, 
some  or  all  of  which  will  influence  the  selection  of 
a  dam  Bite,  the  size  of  the  dam.  and  the  purpose-  it 
BerveS  Hence,  the  entire  project  must  he  investi- 
gated as  a  unit  before  the  design  requirements  for 
a  single  feature,  such  as  a  dam.  can  he  firmly  estab- 
lished. Each  project  purpose  and  each  increment 
of  its  size  or  -.-ope  must  justify  inclusion  in  the 
project  by  some  appropriate  measure  of  feasibility 
or  justification  which  is  usually  related  to  the 
benefits  it  produces,  the  need  it  serves,  or  the  in- 
vestment  it  can  repay  with  or  without  interest 

Feasibility  studies  of  dams  and  reservoirs  should 
always  consider  possible  objections  from  a  public 
health  and  nuisance  standpoint ,  and  a  proper  effort 
should  he  made  to  mitigate  the  damages  involved. 
The  exposed  bed  of  a  reservoir,  as  it  is  drawn 
down,  is  not  only  unattractive  hut  may  make  ac- 
ts to  the  water  difficult.     As  deposits  of  sediment 

dry.  odors  from  decaying  vegetation  or  wind- 
blown  dust    may   produce   a   nuisance   and   actual 

'FnKln.iT,    Kl.l.l   Investigations   Branch,   Ilnn-au  of  R.-clamutlon. 


damage  to  health  and  property      In -one 

Sewage  detention  may  augment   the  hazard        Im- 
pounded fresh  water  held  at  int  level  mal 
an  ideal  breeding  place  for  mosquitoes,  thereby 
creating  a  nuisance  and  tin-  possibility  of  trai 
nutting  malaria  and  encephalitis 

Many  reservoirs  for  which  this  text  i-  intended 
will  he  in  regions  affected  by  drought  and  subject 
to  Bash  Mood-  Under  these  climatic  conditio 
Qoodwater  erosion  of  the  watershed  and  stream- 
hanks  will  fill  the  Btreams  with  sediment  to  he 
caught  in  the  reservoirs  The  accumulations  of 
sediment  may  soon  reduce  the  usefulness  of  it 
reservoir  and  ultimately  will  completely  eliminate 
ii-  capacity.     Loss  of  capacity  and  other  damag 

due  to  silting  of  reservoirs  and  changes  of  the 
regimen  of  silt -lad  en  st  rem  1 1-  a-  a  result  of  reservoir 
operation,  should  hi'  considered  for  all  propoaed 
projects  The  remaining  paragraphs  of  this  part 
of  the  chapter  present  pertinent  aspects  of  common 
purposes,  with  particular  emphasis  upon  design 
requirements  for  dams  and  reservou 

2.  Irrigation.      The    supply     of     water     mu-t     he 

adequate    for   successful    irrigatioi  lidering 

occasional  tolerable  sho  at  an  economically 

reasonable  cost  per  unit  of  area,  both  f«»r  capital 
investment  and  for  operation,  maintenance,  ami 
replacement      The  quality  of  the  water  mu-t  be 

Mich  that  it  will  not  he  harmful  to  the  crop-  01 
the  soils  on  which  it  will  he  used        If  the  distnhu- 

tion   >y-iein   is  to  depend  on  gravity  (low.   the 

reservoir  mu-t   he  high  enough  above  the  n 

ares  t<>  provide  the  ii.  head  for  adequ 

delivery 

3.  Domestic  and  Municipal  Purpose*.       I 

ply  of  water  must  he  adequate  t"  serve  the  require- 
ment-      The    present    demand    and    a    surplu- 
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care  for  the  reasonably  predictable  increases  in 
requirements  are  important  considerations. 

The  quality  of  the  water  must  be  such  that  it 
can  be  rendered  potable  and  usable  for  domestic 
and  most  industrial  purposes  by  economical 
treatment  methods.  It  should  meet  State  public 
health  standards  as  to  bacterial  purity.  Stand- 
ards with  regard  to  taste,  color,  odor,  and  hard- 
ness may  vary  with  different  sections  of  the 
country.  The  degree  to  which  objectionable 
characteristics  can  be  corrected  will  depend  on 
their  nature  and  concentration  in  the  raw  supply, 
and  on  the  cost  of  necessary  remedial  measures. 

Control  and  protection  of  small  watershed 
areas  is  desirable  for  municipal  water  supply 
reservoirs.  Even  though  the  entire  watershed 
cannot  be  purchased  or  otherwise  provided  pro- 
tection from  contamination,  an  effort  should  be 
made  to  provide  control  through  agreements  or 
purchase  of  shoreline  lands. 

4.  Industrial  Use. — Although  quality  of  water 
for  municipal  services  is  ordinarily  satisfactory 
for  industrial  uses,  certain  industrial  processes 
require  more  exacting  standards  with  respect  to 
freedom  from  chemicals  injurious  to  equipment 
or  to  the  product  manufactured. 

5.  Stock  Water. — The  quality  of  the  water  for 
stock  consumption  must  be  suitable  for  the 
purpose.  The  pond  should  be  situated  where  it 
is  accessible  to  the  stock,  either  directly  or  by 
the  economical  use  of  ditches  or  pipes. 

6.  Power  Development. — Where  power  genera- 
tion is  included,  the  capacity  of  the  power- 
generating  equipment  and  the  load  demand  are 
closely  related  to  the  quantity  of  water  available 
and  the  amount  of  storage  provided.  The  height 
of  a  power  dam  is  usually  dictated  by  these 
requirements.  Special  studies  of  this  nature  are 
outside  the  scope  of  this  text. 

7.  Flood  Control. — In  the  study  and  design  of 
flood  control  projects  and  structures,  the  following 
factors  should  be  considered: 

(1)  The  relation  of  the  cost  of  control  to  the 
benefits  to  be  derived  through  the  reduction  of 
cumulative  damage,  should  be  favorable  as  com- 
pared to  alternative  means  of  obtaining  similar 
benefits,  and  in  the  light  of  public  interest. 

(2)  The  temporary  storage  must  be  sufficient 
to  lower  the  major  peak  flows  or  to  decrease  the 
frequency  of  minor  floods. 

(3)  So   far   as   is   practicable,   the   method   of 


control  should  be  automatic  rather  than  manual. 
(4)  Any  flood  control  must  be  effective.     An 
implied  downstream  safety  that  does  not  exist  is 
more  dangerous  than  having  no  control  at  all. 

8.  Recreation. — The  following  factors  should  be 
considered  in  regard  to  development  of  recrea- 
tional projects: 

(1)  There  must  be  an  adequate  supply  of 
water  to  provide  for  evaporation  losses  and  to 
maintain  the  water  level  within  those  limitations 
assumed  as  a  basis  for  the  recreational  and 
residential  development  of  the  shoreline. 

(2)  The  water  must  be  free  of  pollution  within 
practical  limits. 

(3)  If  bathing  is  one  of  the  purposes,  there 
must  be  an  adequate  depth  of  water  in  the 
vicinity  of  a  gently  sloping  shore. 

(4)  Where  there  is  considerable  recreational  use 
of  varied  nature,  the  shoreline  should  be  zoned 
to  preserve  privacy  and  to  provide  separation  of 
conflicting  uses,  such  as  residential,  camping,  day 
picnicking,  bathing,  or  boating.  Minimum  facil- 
ities for  public  use  and  safety,  such  as  access 
roads,  parking,  boat  ramps  or  docks,  fireplaces 
and  tables,  and  sanitary  facilities,  are  commonly 
provided.  Other  facilities,  such  as  motels,  stores, 
and  commercial  amusements,  are  generally  pro- 
vided under  concession. 

(5)  The  shoreline  should  have  a  relatively  steep 
gradient  where  possible,  so  that  a  slight  lowering 
of  the  water  surface  will  expose  a  minimum  of  area. 
Also,  the  normal  range  of  the  operating  level  should 
not  include  extensive  areas  of  flat  shoreline  which 
will  be  unsightly  when  uncovered.  Probable  use 
of  lands  on  shorelines  should  be  considered  in 
proposed  plans  and  in  estimates  of  required  res- 
ervoir rights-of-way.  Easements  for  maximum 
floods  and  floods  of  rare  frequency  are  less  costly 
than  outright  purchase  and  permit  private  use  of 
the  shorelines. 

9.  Wildlife. — Projects  to  impound  wTater  for 
wildlife  purposes  should  not  be  promoted  without 
the  advice  of  a  biologist.  An  ability  to  catch  fish 
or  shoot  game  birds  is  not  a  guarantee  of  knowledge 
required  for  raising  them.  The  following  factors 
must  be  considered: 

(1)  There  must  be  sufficient  depth  and  supply 
of  water  to  maintain  livable  conditions  for  wildlife 
throughout  the  dry  season. 

(2)  Extensive  fluctuations  in  water  level  are 
inimical  to  fish  and  other  wildlife,  as  they  prevent 
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or  destroy  thi  development  of  aquatic  vegetation 
required  for  food 

(3)  Satisfactory  quality  of  the  water  must  be 
assured.  Pollution  may  poison  waterfowl  or  fish 
mid  reduce  tli«'  oxygen  content  to  the  point  where 
many  game  fish  cannot  survive.  Excessively  acid 
or  highly  alkaline  water  is  harmful  to  many  kinds 
of  midlife. 

(4)  The  water  and  the  basin  must  l>e  suited  to 

the  production  of  the  right  kind  of  food  supply 
and  must  provide  adequate  shelter  and  freedom 
from  disturbance  !>y  man. 

10.  Water   Storage   for  Streamflow  Regulation. 

There  is  a  need  for  projects  of  this  type  in  those 
regions  where  streamflow  either  ceases  entirely  or 
is  reduced  to  extremely  low  values  during  parts  of 
the  \ear.  When1  such  natural  streamflow  is  the 
principal  source  of  water  supply  for  one  or  more 
communities  and  where  a  dependable  streamflow 
is  necessary  for  the  dilution  of  waste  after  proper 
economical  treatment,  water  storage  for  stream- 
flow  regulation  may  be  justified.  For  such  proj- 
ects, it  must  be  determined  that: 

(1)  The  dependable  streamflow,  when  properly 
regulated,  is  sufficient  to  produce  the  minimum 
values  of  regulated  flow  required  for  the  purpose, 
after  expected  losses  (including  evaporation)  have 
been  deducted ;  and 

(2)  Storage  for  this  purpose  will  not  result  in  an 
objectionable  alteration  of  the  quality  of  the  water. 

1 1 .  Miscellaneous  Water  Conservation  Projects. — 
Occasionally  projects  are  proposed  to  regulate  the 
water  level  in  shallow  lakes,  swamps,  or  bogs  for 
purposes  other  than  those  heretofore  enumerated. 
This  classification  also  includes  projects  for  the 
detention  or  diversion  of  streamflow  to  conserve  it 


h\    transforming  Burface  water  to  ground  water 

through  the  process  of  infiltration. 

It  should  be  noted  that  natural  shallow  lakes, 
swamps,  and  bogs  generally  exist  because  of  an 
underlying  impervious  subsoil  and  that  additional 
storage  for  surface  water  at  such  locations  will 
rarely  be  effective  in  increasing  ground  water, 
unless  the  stored  water  can  be  conveyed  to  and 
flooded  over  other  areas  where  infiltration  can 
take  place. 

Projects  ot  the  type  under  discussion  will  gen- 
erally result  in  large  increases  in  the  evaporation 
and  transpiration  losses  because  of  the  enlarge- 
ment of  water  surface,  the  increased  time  and 
exposure  of  the  surface  water  to  evaporation,  or 
possibly  an  increase  in  the  area  of  semiaquatic 
plants  such  as  sedge  grass  and  reeds.  The  net 
results  on  such  projects,  after  deducting  such 
losses,  must  be  substantially  beneficial.  In  many 
cases,  there  is  a  danger  that  projects  of  this  type 
will  result  in  the  loss  of  water  through  evaporation 
that  might  otherwise  be  beneficially  used  else- 
where as  streamflow. 

For  projects  involving  water  spreading  or  the 
detention  of  surface  water  to  increase  infiltration 
and  percolation  opportunities,  it  must  be  deter- 
mined that  the  soil  characteristics  will  permit 
infiltration  to  occur  in  a  quantity  which  justifies 
the  project  economically.  The  Groundwater 
Branch  of  the  Geological  Survey  (Department  of 
the  Interior),  the  Bureau  of  Land  Management 
(Department  of  the  Interior),  the  Soil  Conserva- 
tion Service  (Department  of  Agriculture),  or 
appropriate  State  bureaus  should  be  consulted 
writh  regard  to  projects  of  this  nature. 


B.    PROJECT  STUDIES 


12.  Tests  of  Feasibility.  —The  objective  in  proj- 
ect planning  is  the  determination  of  the  projects' 
feasibility.  This  involves  studies  which  will  per- 
mit a  sound  analysis  and  conclusion  with  respect 
to  the  specific  engineering-economic  considera- 
tions.    These  are  primarily: 

(1)  That  the  project  is  responsive  to  an  urgent 
present  or  anticipated  social  or  economic  need; 

(2)  That  the  project  as  planned  will  adequately 
serve  the  intended  purpose;  and 

(3)  That  the  services  proposed  to  be  performed 


through  the  project  and  the  benefits  it  will  produce 
will  justify  the  cost. 

The  study  should  determine  that  the  difficulties 
inherent  in  facility  sites  which  affect  economy, 
safety  of  construction,  and  quality  of  operation 
have  been  satisfactorily  foreseen;  and  that  the 
designs  are  technically  sound  and  reasonably 
representative  of  the  actual  structures  that  may 
be  expected  to  be  built  after  more  detailed  investi- 
gation. The  soundness  of  the  conclusions  regard- 
ing  these  matters  will  depend    to  a   considerable 
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degree  on  the  completeness  and  accuracy  of  the 
investigation. 

1  3.  Esthetic  Value. — Esthetic  values  may  be  of 
great  importance  to  a  project.  In  the  location 
and  design  of  dams  and  other  major  structures, 
they  should  be  given  appropriate  consideration 
which  should  be  recognized  in  the  first  studies 
made  and  carried  out  in  later  studies  and  in  con- 
struction operations.  However,  esthetic  values 
should  not  be  allowed  to  outweigh  the  safety  or 
adequacy  of  the  structural  design. 

The  application  of  the  principles  involved  varies 
so  greatly  that  the  solution  with  respect  to  any 
particular  dam  requires  individual  study.  This 
subject  cannot  be  properly  covered  within  the 
scope  of  this  text.  When  esthetic  considerations 
are  important,  it  is  recommended  that  a  qualified 
landscape  architect  be  consulted;  where  war- 
ranted, an  architect  should  collaborate  in  making 
the  design. 

1 4.  Extent  of  Studies. — There  is  no  simple  rule  for 
determining  the  extent  of  the  investigation  which 
is  necessary  in  any  particular  case.  For  example, 
a  dam  that  is  to  be  constructed  on  a  pervious  or 
a  weak  foundation  to  impound  a  depth  of  water 
of  15  feet  will  require  much  more  foundation  in- 
vestigation than  a  50-foot-high  dam  to  be  built  on 
solid,  unfractured  rock  under  a  shallow  soil  mantle. 
Within  the  limits  of  height  treated  in  this  text,  it 
may  be  said  that  the  size  of  the  physical  structure 
has  little  relation  to  the  extent  of  the  investigation 
necessary.  The  maximum  justifiable  investiga- 
tion cost  is,  however,  limited  by  the  magnitude 
of  the  project.  The  project  is  generally  unjusti- 
fied if  the  cost  of  the  necessary  investigation  would 
offset  a  large  portion  of  the  constructed  project's 
value.  A  cost  reduction  accomplished  by  the 
elimination  of  a  portion  of  the  fundamental  in- 
vestigation is  rarely  a  saving.  It  generally  results 
in  unanticipated  construction  or  functional  costs. 

15.  Stages  of  Investigation. — Investigation,  if 
carried  to  completion,  is  an  expensive  and  time- 
consuming  phase  of  project  development.  More- 
over, it  may  indicate  that  the  project  is  not 
economically  or  technically  sound.  Hence,  an 
investigation  should  be  planned  and  executed  so 
that  the  probable  soundness  of  the  project  will  be 
determined  as  early  and  as  inexpensively  as  pos- 
sible. To  accomplish  this  objective,  the  investi- 
gation may  be  divided  into  as  many  as  three 
stages.     The  first,  or  reconnaissance  stage,  is  de- 


signed primarily  to  support  a  decision  on  whether 
to  proceed  with  more  detailed  investigations  on 
the  basis  of  rough  data  and  shortcut  studies.  The 
second,  or  feasibility  stage,  determines  the  scope, 
magnitude,  essential  plan  and  feature,  and  the 
approximate  benefits  and  costs  of  the  project  with 
sufficient  dependability  to  support  project  author- 
ization or  approval  for  construction.  The  third, 
the  specifications  stage,  supplements  the  feasibility 
stage  to  the  degree  needed  for  preparation  of  final 
plans  and  specifications  after  authorization  or 
approval  has  been  obtained  and  construction  is 
imminent. 

Many  of  the  smaller  projects  will  not  require,  at 
the  specifications  stage,  any  information  in  ad- 
dition to  that  already  obtained  in  the  feasibility 
studies.  The  larger  and  more  difficult  projects 
will  often  require  extensive  additional  surveys  and 
investigations.  However,  project  size  is  not  the 
sole  criterion  with  respect  to  the  necessity  for 
further  detailed  studies.  This  may  rest  on  a 
question  of  complexity  of  the  site,  of  the  founda- 
tion conditions,  and  often  of  the  hydrological 
factors. 

The  following  sections  discuss  the  elements  of 
project  studies  within  the  scope  of  the  various 
stages  of  investigation. 

16.  Related  Projects  and  Studies  of  Need. — The 
proposed  project  should  be  consistent  with  any 
long-range  planning  program  which  may  have  been 
adopted  for  the  vicinity.  The  entire  area  to  be 
served  by  the  proposed  project  should  be  studied 
to  determine  whether  there  will  be  conflicts  with 
other  projects  of  a  similar  nature  for  use  of  land 
or  water  resources,  power  drops,  etc.,  or  whether 
economies  are  possible  by  securing  optimum  de- 
velopment of  resources  through  joint  use. 

If  a  potential  project  conflicts  with  other  similar 
facilities,  either  completed  or  contemplated,  it  is 
advisable  to  refer  the  matter  to  appropriate  State 
or  local  authorities,  especially  where  future  needs 
or  opportunities  must  be  preserved  for  the  good  of 
the  locality,  State,  or  Nation.  The  probable 
existing  demands  for  the  services  to  be  rendered 
by  the  project  as  well  as  a  reasonable  estimate  of 
future  demand  should  be  carefully  determined. 

1  7.  Development  of  the  General  Plan. — The  proj- 
ect plan  normally  originates  with  the  desire  to 
satisfy  one  sponsor's  specific  needs,  objectives,  or 
purposes.  As  support  for  project  construction 
develops,  those  needs  may  increase,  the  objectives 
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may  broaden,  and  the  purposes  may  multiply 
through  (lif  processes  of  project  formulation  until 
select  ions  of  the  final  magnitude  and  scope  are 
reached. 

At  the  outset  of  the  reconnaissance  study,  con- 
siderable basic  data  are  usually  available  in  the 
form  of  maps,  aerial  photographs,  Btreamflow 
records,  regional  geological  reports,  census  statis- 
tics,  crop   yields,    market    statistics,    power   load-, 

previous  investigation  reports,  etc.  The  investi- 
gator must  evaluate  these  data,  supplement  them 
with  rough  additional  data,  and  conceive  a  work- 
ahle  basic  plan  that  utilizes  available  resources  to 
unci  the  needs.  This  hasic  plan  may  then  be 
compared  roughly  with  alternatives  to  accomplish 
the  desired  ends  on  progressively  increased  or 
diminished  -cope  and  Bcale.  It  will  bo  possible,  by 
judgment  or  cursory  study,  to  eliminate  many 
alternatives  so  that  an  approximate  final  plan 
emerges  which  includes  purposes,  approximate 
locations  and   heights  of  dams,   and   capacities  of 

reservoirs,  spillways,  outlets,  canals,  powerplants, 

and  other  features.  This  plan  will  be  refined  in 
the  feasibility  and  specification  design  stages. 
The  character  and  scope  of  required  feasibility 
surveys,  investigations,  and  studies  may  be  visu- 
alized by  judgment  and  experience  from  a  con- 
sideration of  the  plan  and  knowledge  of  its  compo- 
nents acquired  during  the  reconnaissance  stage 
study. 

Governmental  agencies  have  obtained  a  con- 
siderable amount  of  basic  data  of  the  nature  men- 
tioned above  for  many  areas.  The  larger  public 
libraries  are  generally  designated  as  public  docu- 
ment depositories  and  maintain  more  or  less 
complete  files  of  all  United  States  Government 
publications  and,  of  course,  many  State  and  local 
publications  as  well.  U.S.  Government  publica- 
tions in  stock  may  be  purchased  from  the  Super- 
intendent of  Documents,  Government  Printing 
Office,  Washington,  D.C.,  and  extensive  lists  of 
publications  are  available  from  that  office  and 
from  issuing  agencies.  Individual  agencies  com- 
monly provide  sales  rooms  at  their  principal  offices 
Sponsors  and  engineers  for  small  projects  should 
consult  with  Stale  and  county  planning  officials, 
local  offices  of  the  Federal  data-collecting  agencies, 
and  public  libraries  concerning  the  availability  of 
pertinent  data  Following  is  a  source  list  of 
possible  data: 
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(a)  Topographic  Maps: 

Quadrangle  maps  U.S.  Department  of 
the  Interior.  Geological  Survey,  Topo- 
graphic Division;  and  is  Department 

of  the  Army,  Army  Map  Service. 

(2)  River  plans  and  profiles  U.S  Depart- 
ment of  the  Interior,  Geological  Sur- 
vey, ( lonservation  Division. 

(3)  National  parks  and  monuments  I  9 
Department    of   the   Interior,    National 

Park  Service. 

(4)  Federal    reclamation     project     maps 
U.S.    Department   of   the   Interior,    Bu- 
reau ol  Reclamation. 

(5)  Ijocal  areas — commercial  aerial  map- 
ping firms 

The  availability  of  topographic  maps  is 
discussed  in  chapter  IV. 

(b)  Planimetric  Maps: 

(1)  Plate  of  public  land  surveys  U.S.  De- 
partment of  the  Interior,  Bureau  of 
Land  Management. 

(2)  National  forest  maps — U.S.  Depart- 
ment of  Agriculture,  Forest   Service. 

(3)  County  maps — county  surveyor  or 
county  engineer. 

(4)  City  plats — city  or  county  recorder. 

(5)  Federal    reclamation    project    maps— 

I  S.  Department  of  the  Interior,  Bu- 
reau of  Reclamation. 

(c)  Aerial  Photographs: 

(1)  The  following  agencies  have  aerial 
photograpbs  of  portions  of  the  United 
States:  U.S.  Department  of  the  In- 
terior, Geological  Survey,  Topographic 
Division;  U.S.  Department  of  Agricul- 
ture, Commodity  Stabilization  Service, 
Soil  Conservation  -Service,  and  Forest 
Service;  U.S.  Department  of  Com- 
merce, Coast  and  Geodetic  Survej  : 
U.S.  Air  Force;  various  State  agencies; 
commercial  aerial  survey  and  map- 
ping firms 
The  availability  of  aerial  photographs  is 

discussed  in  chapter  I  Y. 

Transportation  Maps: 

(1)  State  transportation  maps  U.S.  De- 
partment of  Commerce,  Bureau  of 
Public  Roads. 

(2)  State     and     county     highway     maps 
State  highway  departments 
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(3)  Sectional  aeronautical  charts — U.S.  De- 
partment of  Commerce,  Coast  and 
Geodetic  Survey. 

(e)  Triangulation  and  Benchmarks: 

(1)  U.S.  Department  of  Commerce,  Coast 
and  Geodetic  Survey;  and  U.S.  Depart- 
ment of  the  Interior,  Geological  Survey, 
Topographic  Division. 

(f)  Geology: 

(1)  Geologic  maps  and  reports — U.S.  De- 
partment of  the  Interior,  Geological 
Stirvey,  Geologic  Division;  and  State 
geological  surveys  or  departments. 

(Note. — Some    regular    quadrangle    maps    show 
geological  data  also.) 

Geologic  maps  are  discussed  in  chapter 
IV. 

(g)  Soils: 

(1)  County  soil  survey  reports — U.S. 
Department  of  Agriculture,  Soil  Con- 
servation Service. 

(2)  Land  use  capability  surveys — U.S. 
Department  of  Agriculture,  Soil  Conser- 
vation Service. 

(3)  Land  classification  reports — 
U.S.  Department  of  the  Interior, 
Bureau   of   Reclamation. 

Agricultural  soil  maps  are  discussed  in 
chapter  IV. 
(h)  Climatological  Data: 

(1)  Daily  weather  reports — U.S.  Depart- 
ment of  Commerce,  Weather  Bureau. 

(2)  Climatological  data  (monthly  and  an- 
nual summaries);  includes  precipita- 
tion, temperature,  evaporation,  and 
wind  velocity  data — U.S.  Department 
of  Commerce,  Weather  Bureau. 

(3)  Daily  synoptic  weather  maps — U.S. 
Department  of  Commerce,  Weather 
Bureau. 

(4)  Hydrologic  bulletin— U.S.  Department 
of  Commerce,  Weather  Bureau. 

(5)  Technical  papers — U.S.  Department  of 
Commerce,  Weather  Bureau. 

(6)  Hydrometeorological  reports — U.S.  De- 
partment of  Commerce,  Weather  Bu- 
reau; and  U.S.  Department  of  the 
Army,  Corps  of  Engineers. 

(7)  Cooperative  study  reports— U.S.  De- 
partment of  Commerce,  Weather  Bu- 


reau;   and    U.S.    Department    of    the 
Interior,  Bureau  of  Reclamation. 
(8)  Unofficial    observers — such    as    banks, 
local  businessmen,  farmers,  etc. 
(i)  Streamflow  Data: 

(1)  Water  supply  papers — U.S.  Depart- 
ment of  the  Interior,  Geological  Survey, 
Water  Resources  Division. 

(2)  Reports  of  State  engineers. 

(3)  Annual  reports — International  Bound- 
ary and  Water  Commission,  United 
States  and  Mexico. 

(4)  Annual  reports — various  interstate 
compact  commissions. 

(5)  Water  right  filings,  permits — State 
engineers,  county  recorders. 

(6)  Water  right  decrees — district  courts. 
(j)  Sedimentation: 

(1)  Water  supply  papers — U.S.  Depart- 
ment of  the  Interior,  Geological  Survey, 
Quality  of  Water  Branch. 

(2)  Reports — U.S.  Department  of  the  In- 
terior, Bureau  of  Reclamation;  and 
U.S.  Department  of  Agriculture,  Soil 
Conservation  Service. 

(k)   Quality  of  Water: 

(1)  Water  supply  papers — U.S.  Depart- 
ment of  the  Interior,  Geological  Survey, 
Quality  of  Water  Branch. 

(2)  Reports — U.S.  Department  of  Health, 
Education,  and  Welfare,  Public  Health 
Service. 

(3)  Reports — State  public  health  depart- 
ments. 

(1)   Irrigation  and  Drainage  Data: 

(1)  Agricultural  census  reports — U.S.  De- 
partment of  Commerce,  Bureau  of  the 
Census. 

(2)  Agricultural  statistics — U.S.  Depart- 
ment of  Agriculture,  Agricultural  Mar- 
keting Service. 

(3)  Annual  crop  summaries  on  Federal 
reclamation  projects — U.S.  Department 
of  the  Interior,  Bureau  of  Reclamation. 

(4)  Reports  of  State  departments  of  agri- 
culture. 

(m)  Power  Data: 

(1)  Directory  of  Electric  Utilities — Mc- 
Graw-Hill Publishing  Co. 

(2)  Directory  of  Electric  and  Gas  Utilities 
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in  the  United  States     Federal  Power 
( !ommission. 

Power  rates    power  companies,  public 
utility  districts,  rural  electric  cooper- 
atives, etc 
i     Power  markets    State  universities,  Bu- 
reau of  Business  Research. 
Reports    various     power    companies, 

public    utilities,    State    power    comini- 

uons,  etc. 

(n)    Unlit  tins; 

i     Interagency  Committee  <>n  Water  Re- 

BOUl  ■ 

Annotated  bibliographies  on  hydrology. 
(3)  Annotated  bibliographies  on  sedimen- 
tation 

i     Population   census     I'.s.    Department 
of  ( Commerce,  Bureau  of  the  ( lensus. 
(o)  Basin  nn<l  Project  Reports  and  Special  Re- 
ports: 

(1)  U.S.  Department  of  the  Army,  Corps 
of  Engineers 

(2)  U.S.  Department  of  the  Interior,  Bu- 
reau of  Land  Management,  Bureau  of 
Mines,  Bureau  of  Reclamation,  Fish 
and  Wildlife  Service,  and  National 
Park  Service. 

(3)  U.S.  Department  of  Agriculture,  Soil 
(  'onservation  Service. 

(4)  U.S.  Department  of  Health,  Education, 

and  Welfare,   Public  Health  Service. 
State  departments  of  water  resources, 
departments  of   public   works,    power 
authorities,  and  planning  commissions, 
(p)  Consultation: 

(1)  Sanitation  and  public  health  U.S. 
Department  of  Health,  Education,  and 
Welfare,  Public  Health  Service;  State 
departments  of  public  health. 

2  Fish  and  wildlife  problems  U.S.  De- 
partment of  the  Interior,  Fish  and 
Wildlife  Service;   State  game   and   fish 

departments 

(3)  Municipal  and  industrial  water  sup- 
plies— city  water  departments;  State 
universities;  Bureau  of  Business  Re- 
search; State  water  conservation  boards 
or    State  public  works  depart  incuts. 

i     Watershed  management     I'.s.  Depart- 
ment of  Agriculture,  Soil  (Onservation 
rice,    Forest    Service;    U.S     Depart- 


ment   of  the    Interior,    Bureau   of   Land 

Management,  Bureau  of  Indian  Affairs. 

(q)  Designs  and  Specifications,  Water  Rights. 
(  onsult  State  engineer 

18.  Outline  of  Investigations.  The  outline  given 
below  provides  a  guide  for  the  held  engineer 
by  indicating  the  items  which  Bhould  be  considered 
for  the  investigations  of  dams  and  reservoirs.     The 

outline  includes  items  many  of  which  may  not  be 
applicable  in  a  specific  instance.  Most  of  the 
items  ill  the  outline  are  discussed  in  detail  in  the 

remainder  of  this  chapter. 
I.  General  l><i(«  Required: 

A.  Location  and  vicinity  map: 

1.  Location  of  project. 

2.  Location  of  existing  works  affected  by 

proposed  development. 

3.  Existing  location  of  highways,  rail- 
roads, and  other  public  utilities  and 
proposed  relocations. 

4.  Location  of  proposed  construction 
headquarters,  camp,  or  town,  access 
roads,  airports,  etc. 

5.  Railroad  shipping  points. 

6.  Stream  gaging  and  sampling  stations, 
meteorological  stations,  etc. 

B.  Hydrologic  data: 

1.  Streamflow  records,  including  daily 
discharges,  monthly  volumes,  and  mo- 
mentary peaks. 

2.  Streamflow  and  reservoir  yield. 

3.  Project  water  requirements,  including 
allowances  for  irrigation  and  power 
efficiencies,  conveyance  Losses,  reuse  of 
return  Hows,  and  stream  releases  for 
fish;  and  dead  storage  requirements  for 
power,  recreation,  fish  and  wildlife,  etc. 

4.  Flood  studies,  including  inflow  design 
floods  and  floods  to  be  expected  during 
periods  of  construction. 

5.  Sedimentation  and  quality  studies, 
including  sediment  measurements, 
analysis  of  dissolved  solids,  etc. 

6.  Data  on  ground-water  tables  in  the 
vicinity  of  die  reservoir  and  damsite. 

7.  Water  rights,  including  interstate  com- 
pacts and  international  treaty  effects, 
and  contractual  agreements  with  local 
districts,  power  companies,  and  indi- 
viduals for  subordination  of  rights,  etc. 
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C.  Climatic  data: 

1.  Monthly  temperatures  and  rainfall  and 
storm  intensities. 

2.  Evaporation  rates. 

3.  Maximum,  minimum,  and  mean  tem- 
peratures. 

4.  Wind  directions  and  velocities. 

5.  Ice  thickness. 

D.  Geologic  data: 

1 .  Geological  report  by  qualified  geologist. 

2.  Discussion  of  geologic  formations,  par- 
ticularly such  as  cavernous  limestone 
or  other  soluble  formations,  exposed 
lava,  exposed  gravel,  and  glacial  de- 
posits of  a  permeable  nature  that  might 
contribute  to  serious  reservoir  leakage. 

3.  Ground-water  table  observations. 

4.  Presence  of  deleterious  mineral  and  salt 
deposits. 

5.  Photographs  showing  basin  and  charac- 
ter of  lands. 

6.  Geologic  cross  sections  where  necessary. 
II.  Reservoir  Data: 

A.  Reservoir  map : 

1.  Topography. 

2.  Horizontal  and  vertical  controls,  pref- 
erably a  triangulation  survey  system. 

3.  Coordinate  system. 

4.  Cultural  classification  of  reservoir 
lands,  land  ownership,  and  status  in 
connection  with  acquisition  of  rights- 
of-way,  easements,  etc. 

5.  Ownership  boundaries  and  names  of 
owners. 

B.  Road  and  public  utility  surveys: 

1.  Relocation  and  reconstruction  of  rail- 
roads and  highways. 

2.  Relocation  and  reconstruction  of  public 
utilities. 

3.  Preliminary  report  of  joint  reconnais- 
sance made  with  the  municipality  or 
owner  of  public  utilities  with  approxi- 
mate costs  of  relocation,  including  the 
necessity  for  location  surveys  and  who 
will  perform  the  construction. 

C.  Miscellaneous  data: 

1.  Estimate  of  probable  life  of  reservoir — 
that  is,  considering  loss  of  capacity  due 
to  silting. 

2.  Land  evaluation  surveys,  including 
tabulations    of    areas    and    estimated 


costs  for  purchase  and  easements;  dis- 
cussion of  necessity  for  appraisal  survey 
and  discussion  of  possibility  of  securing 
easements  for  submergence  of  lands 
during  maximum  and  infrequent 
floods. 

3.  Tabulation  of  areas  to  be  cleared,  with 
estimated  cost. 

4.  Description  of  buildings,  fences,  and 
farm  improvements  which  must  be  re- 
moved or  salvaged,  with  estimates  of 
cost. 

5.  Description  of  lands  adjacent  to  the 
proposed  reservoir  for  public  use, 
recreation,  or  other  purposes. 

6.  Economic  or  physical  limitations  to 
maximum  reservoir  flow  line. 

7.  Discussion  of  limitations  to  reservoir 
fluctuations. 

III.  Data  for  Dams: 

A.  Damsite  map: 

1.  Topography  of  damsite  and  dike  areas. 

2.  Horizontal  and  vertical  controls,  pref- 
erably by  a  triangulation  system. 

3.  Coordinate  system  grid. 

4.  Location  of  rock  outcrops  and  apparent 
geological  features. 

5.  Location  of  manmade  improvements  in 
existing  works  at  the  site. 

6.  Location  of  drill  holes,  test  pits,  and 
other  foundation  explorations. 

B.  Foundation  explorations: 

1.  Sufficient  drill  holes,  auger  holes, 
and/or  test  pits  to  determine  character 
and  depth  of  overburden  for  feasibility 
and  specifications  designs. 

2.  Description  and  logs  of  exploration, 
including  ground  elevation  at  the  holes, 
location  coordinates,  and  sufficiently 
detailed  remarks  for  a  clear  interpreta- 
tion of  records. 

3.  Samples. 

4.  Sufficient  explorations  to  determine 
character  of  bedrock  or  impervious 
foundation  strata  for  feasibility  and 
specifications  designs. 

C.  Materials  exploration: 

1.  Location  and  description  of  character 
of  proposed  material  to  be  used  in  the 
construction  of  the  dam,  including 
earth,   sand-gravel  for   aggregate   and 
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embankment,  and  rock  for  rockfiU  and 

riprap 
2.  Map  "f  borrow  areas,  Bhowing  location 

of  i«^i  bolee  made  for  feasibility   and 

specifications  designs 
:{.  Logs  of  explorat  ions 
t    Representative  samples  of  materials  in 

borrow  areas 

I).    Tailw  Ster  data  : 

l.  Stage-discharge  curves  for  streams,  if 

available. 
•_>.  Cross  sections  <>f  Btreams,  with  dated 

prater   surface   elevations    above    and 

below  dam. 
.i.  Tailwater  and    backwater  curves  for 

stated  bigh-water  marks. 
K.   Local  conditions  controlling  design  of  the 

dam 

1.  Requirements  for  roadways 

2,  Requirements  for  fishways  or  lish  con- 
servation measures. 

:\.  Requirements  for  replacement  or  pro- 
visions for  existing  works. 

4.  Requirement  of  permanent  building  or 
quarters  for  operators 

5.  Effect  of  local  conditions  as  regards 
spilluav  and  outlet  gates,  especially 
winter  conditions,  etc. 

6.  Availability  of  electric  power  for  opera- 
tion of  mechanical  equipment . 

7.  Capacities  and  elevations  of  required 
outlets  as  determined  by  local  con- 
dition- 

P.    Local  conditions  affecting  construction: 

1.  Additional  transportation  facilities  re- 
quired for  construction,  including  ac- 

se  roads,  etc. 

2.  Location  surveys  for  railroads,  high- 
ways, or  airports. 

A.  Requirement  for  improvements  to  ex- 
isting transportation  facilities. 

4.  Estimated  cost  for  sufficient  data  for 
preparation  of  estimates  for  transporta- 
tion facilit  it 

Eauling  distance  from  nearest  railroad 
shipping  point  and  local  trucking  rates 

6.  Availability  of  electric  power  for  con- 
struction purpoc 

7.  Requirements  for  construction  camp, 
with  estimated  population  and  quarters 
required  for  supervisory  and  construc- 


tion employees;  required  water  Bupply 

and  sanitation  facilities;  local   laws  re- 
garding   sanitation,    stream    pollution, 

etc. 

19.  Planning  Programs  for  Surveys  and  Investiga- 
tions. During  the  reconnaissance  study,  it  is 
desirable  to  consider  plans  for  detailed  Burvi 
and  investigations,  particularly  if  it  is  known  that 
a  feasibility  study  probably  will  be  made.  In 
planning  such  a  program,  consideration  Bhould  !»<• 

given    to   the    following   items:    II)    The    personnel 

required,  (2)  bousing  and  subsistence  for  personnel, 
(3)  location  of  field  office  if  required,  (4)  trans- 
portation and  other  equipment,  material,  and 
supplies  required  for  this  work,  (5)  character  of 
additional  dam  foundation  investigation  and 
equipment  required,  (6]  availability  of  local  labor 
and  equipment,  (7)  arrangements  with  private 
Landowners  for  entry  to  sites  to  avoid  trespass  id 
lands  during  surveys  and  explorations,  (8)  trans- 
portation of  drilling  equipment  to  isolated  and 
inaccessible  locations,  (9)  consideration  of  hori- 
zontal and  vertical  controls  for  surveys  and  avail- 
able data  from  other  surveys  BUch  as  railroad  and 
highway  surveys,  county  engineers'  surveys,  etc  . 
(10)  location  of  stream  gaging  stations  and  avail- 
able hydrologic  data,  (11)  climatic  conditions  for 
work,  (12)  sanitary  conditions  if  pollution  will  be 
a  factor  limiting  the  utilization  of  the  project,  and 
(13)  estimates  of  time  and  funds  required  for  work. 
In  the  case  of  public  works,  investigation  and 
construction  funds  generally  must  be  budgeted 
and  appropriated,  and  the  time  necessary  for 
these  processes  must  be  anticipated.  With  local 
and  private  developments,  similar  time  require- 
ments usually  are  involved  in  public  elections. 
bond  issues,  or  other  means  of  financing. 

20.  Mopping.  The  project  location  should  be 
Bhown  on  a  general  map,  using  a  base  of  appropri- 
ate scale.  U.S.  Geological  Survey  quadrangle 
maps,  particularly  the  7!. -minute  quadrangles, 
l  inch  equal  to  2,000  feet,  are  appropriate  for 
preliminary  purposes  in  locating  land  areas  and 
principal  features  and  in  determining  approximate 
reservoir  capacities.  If  no  topographic  maps  are 
available,  rough  reconnaissance  maps,  defined  by 
a  minimum  of  controlling  points  or  sketched  from 
cross  sections,  can  he  used  for  com  pa  rat  ivestudies 
The  general  map  should  show  governing  elevations 
of  water  courses,  canal  routes,  dams,  and  im- 
portant   cultural   and    occupational    features   BUch 
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as  woods,  cultivated  lands,  swamps,  roads,  and 
railroads.  Features  pertinent  to  reservoirs  and 
dams  should  be  shown  on  separate  maps  of  the 
reservoir  and  of  the  damsite. 

Profiles  at  damsites  may  serve  for  reconnais- 
sance purposes.  During  the  feasibility  stage,  if 
practicable,  and  certainly  during  specifications 
investigations,  reliable  topographic  maps  of  ir- 
rigable areas,  reservoirs,  dams,  conduit  locations, 
and  other  structural  sites  must  be  obtained. 
These  should  be  to  a  convenient  scale  and  contour 
interval  laid  out  on  a  coordinate  grid,  preferably 
tied  into  State  coordinate  systems  and  public 
lands  survey  systems,  with  horizontal  and  vertical 
controls  based  on  U.S.  Coast  and  Geodetic  Survey 
or  U.S.  Geological  Survey  nets  and  datum.  Con- 
trol points  should  be  permanently  monument  ed. 

Topographic  map  scales  should  range  from  1 
inch  equals  400  feet  for  small  reservoirs  to  1  inch 
equals  1,000  feet  or  2,000  feet  for  very  large  reser- 
voirs, with  contour  intervals  ranging  from  2  feet 
for  small  reservoirs  created  by  low  dams  to  5  feet 
for  reservoirs  of  greater  depth.  Damsite  maps 
should  be  in  greater  detail — 1  inch  equals  20  feet 
for  sites  for  the  smallest  dams,  up  to  1  inch  equals 
100  feet  or  200  feet  for  sites  in  flat  terrain,  with 
contour  intervals  of  2  or  5  feet  depending  on  the 
steepness  of  the  topography.  Coverage  should 
extend  beyond  the  limits  of  the  reservoir  or  dam 
to  include  rights-of-way.  utility  relocations,  camp 
and  service  areas,  nearby  borrow  areas,  etc.  River 
sections  should  be  obtained  from  the  dam  axis  to 
2,000  feet  or  more  downstream  as  required  for 
tailwater  curves,  degradation  studies,  channel 
changes,  etc.  Topography  should  be  obtained  at 
the  heads  of  reservoirs  where  sediment  deltas  or 
backwater  levels  will  be  important.  To  an  in- 
creasing degree,  topographic  surveys  are  utilizing 
photogrammetric  methods  and  much  of  the  work 
formerly  done  by  project  survey  parties  is  done 
under  contract  by  firms  which  specialize  in  photo- 
grammetric surveys.  Property  boundaries  and 
ownerships  are  desirable  where  rights-of-way  must 
be  purchased. 

The  location  and  elevations  of  all  drill  holes, 
test  pits,  trenches,  etc.,  and  of  control  monu- 
ments and  temporary  points  should  be  shown  on 
the  (ietailed  topographic  maps  of  the  damsite. 

The  principal  difference  between  the  surveys 
and  maps  required  foi  feasibility  stage  investiga- 
tions and  for  specifications  design  is  that,  for  the 


latter,  certain  features  must  be  more  complete  and 
accurate  so  as  to  provide  all  of  the  information 
needed  for  the  actual  design  of  the  structures.  In 
many  cases,  an  evaluation  of  the  factors  entering 
into  the  justification  of  the  project  nnry  have  re- 
quired that  surveys  and  investigations  be  carried 
out  in  considerable  detail  during  the  feasibility 
studies.  If  the  feasibility'  stage  surveys  and  maps 
are  up  to  acceptable  standards  of  accuracy,  it  will 
only  be  necessary  to  biing  them  up  to  date  to 
reflect  cultural  changes  and  to  add  detailed  data, 
such  as  supplemental  drill  holes.  Where  the  feasi- 
bility studies  have  been  based  on  reconnaissance 
surveys  and  sketch  maps,  extensive  field  surveys 
must  be  carried  out  in  connection  with  the  specifi- 
cations stage  investigations.  Substandard  sur- 
veys and  maps  should  be  brought  up  to  standard 
or  be  replaced  by  new  ones  which  have  sufficient 
accuracy  and  detail  for  final  design  purposes. 

21.  Hydrologic  Investigations. — Hydrologic  inves- 
tigations which  may  be  required  for  project  studies 
include  the  determination  of  the  following:  Yield 
of  streamflow,  reservoir  yield,  water  requirements 
for  project  purposes,  sediment  which  will  be  de- 
posited in  the  reservoir,  flood  flows,  and  ground- 
water conditions. 

The  most  accurate  estimate  possible  must  be 
prepared  of  the  portion  of  the  streamflow  yield 
that  is  surplus  to  senior  water  rights  as  the  basis 
of  the  justifiable  storage.  Reservoir  storage  will 
supplement  natural  yield  of  streamflow  during 
low-water  periods.  Safe  reservoir  yield  will  be  the 
quantity  of  water  which  can  be  delivered  on  a  firm 
basis  through  a  critical  low-water  period  with  a 
given  reservoir  capacity.  Reservoir  capacities 
and  safe  reservoir  yields  ma}*  be  prepared  from 
mass  curves  of  natural  streamflow  yield  as  related 
to  fixed  water  demands  or  from  detailed  reservoir 
operation  studies,  depending  upon  the  study  detail 
which  is  justified.  Reservoir  evaporation  and 
other  incidental  losses  should  be  accounted  for 
before  computation  of  net  reservoir  yields.  The 
critical  low-water  period  may  be  1  drought  year 
or  a  series  of  dry  years  during  the  period  of  re- 
corded water  history.  Water  shortages  should  not 
be  contemplated  when  considering  municipal  and 
industrial  water  use.  For  other  uses,  such  as  ir- 
rigation, it  is  usually  permissible  to  assume  toler- 
able water  shortages  during  infrequent  drought 
periods  and  thereby  increase  water  use  during 
normal  periods  with  consequent  greater  project 
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development.  Tolerable  irrigation  water  short- 
ages will  depend  upon  local  conditions  and  crops 
to  be  irrigated.  If  the  problem  is  complex,  the 
consulting  advice  of  an  experienced  hydrologisl 
should  be  Becured. 

The  annual  rate  at  which  Bedimenl  will  be  de- 
poaited  in  the  reservoir  should  !><•  ascertained  to 
insure  thai  Bufficienl  Bedimenl  storage  is  provided 
in  the  reservoir  bo  that  the  useful  functions  of  the 
reservoir  will  not  be  impaired  l>\  Bedimenl  deposi- 
tion within  the  useful  life  of  the  project  or  the 
period  of  economic  analysis,  Baj  50  to  ion  years. 

The  expected  elevation  of  the  sediment  deposition 
ma\    also  influence  the  design  of  the  outlet   works, 

asitating  a  type  of  design  which  will  permit 
raising  the  intake  of  the  outlet  works  as  the  Bedi- 
menl  is  deposited.     The  method  of  determining 

t  he  \  oluine  of  sediment  and  the  type  of  deposition 
to  he  expected   will   depend   on    the   t  \  |)e  of  hydro- 

logic   data   available.     Preliminary    estimate 

this  sediment  volume  can  he  based  <>ii  assumed 
sediment  yield  rates  expressed  in  acre-feet  per 
square  mile  of  drainage  area.  Selecting  proper 
yield  rate-  can  generally  he  accomplished  by:  (1) 
Using  a  rale  determined  previously  for  a  com- 
parable  drainage  area,  or  (2)  referring  to  various 
published  reports  [1,2,  A,  4,  ">,  r>] 2  containing  yield 
rate  information  for  specific  drainage  basins. 

Another  valuable  source  of  information  on  the 
sedimentation  quantities  carried  by  the  rivers  <>i 
the  United  States  is  the  U.S.  Geological  Survey 
Water  Supply  Papers  entitled  "Quality  of  Water." 
These  publications  contain  the  records  of  sus- 
pended sediment  loads  at  numerous  measuring 
station-.  Thej  also  BUpply  data  on  the  size 
analysis  of  river-borne  sediments  that  are  useful 
for  other  studies.  A  report  by  the  Bureau  of 
Reclamation  (7]  outlines  a  procedure  for  com- 
puting sediment  yields  u>in<:  data  contained  iti 
these  water  supply  paper-.  Trap  efficiency,  de- 
fined as  the  percentage  of  total  Bedimenl  load 
entrapped  in  the  reservoir,  also  need-  to  he  con- 
sidered in  the  preliminary  investigations.  Reser- 
voir trap  efficiency  depends  on  such  factor-  as 
shape  of  reservoir  basin,  t\  pe  of  sediment  material 
entering  reservoir,  method  of  reservoir  operation, 

ratio  of  Btorage   capacity   and    inflow,   and   a. 

reservoir.  Brune  [8]  report-  results  of  his  studies 
on  trap  efficiencies  which  show  close  correlations 


•  Number*  In  brackets  refer  to  Items  in  the  blbUograpb] 


between  trap  efficiency  and  the  capacity-inflow 
ratio.  Hi-  approach  to  the  determination  of  trap 
efficiencies  is  among  the  besl  in  practical  applica- 
tion of  current  met  hod-. 

Another  highly  important  factor  in  reservoir 
sedimentation  is  the  derivation  of  the  Bedimenl 
distribution  or  deposition  pattern  within  the 
reservoir.  Generally,  the  same  factors  affecting 
trap  efficiencies  also  have  an   influence  on   this 

pattern.  Sediment  deposition  studies  serve  two 
major    purposes:    (1)    To    determine    the    sediment 

volume  occupied  within  the  variou-  Btorage  capaci- 
ties allocated  for  -pecilic  uses  BUCh  as  flood  control, 
in  iiration,  and  dead  storages,  and  J  to  determine 
the  minimum  elevation  for  the  outlet  sill.  The 
Bureau  of  Reclamation  has  published  a  report  [9] 
that  contains  a  compilation  of  methods  to  compute 
the  sediment  deposition  within  a  reservoir.  A 
paper  [10)  published  by  the  American  Society  of 
Civil  Engineers  also  outlines  computational  pro- 
cedures for  sediment  distribution  Btudies 

Water  requirements  should  he  determined  for  all 
purposes  contemplated  in  the  project.  For  irri- 
gation, consideration  should  he  given  to  climatic 
conditions,  soil  types,  type  of  crops,  crop  distribu- 
tion, irrigation  efficiency  and  conveyance  In-- 
reuse  of  return  flows,  etc.  For  municipal  and 
industrial  water  supplies,  the  anticipated  growth 
of  demand  over  the  life  of  the  project  must  he  con- 
sidered.     For  power,  the  factor-  to  he  considered 

are  load  requirements  and  anticipated  load 
growth. 

Project  studies  must  include  estimates  of  flood 
flows,  as  these  are  essential  to  the  determination 
of  the  spillway  capacity.  Consideration  should 
also  he  given  to  annual  minimum  and  moan 
discharges  and  to  the  magnitudes  of  relatively 
common  floods  of  frequencies  up  to  about  10-year 
recurrence  intervals,  as  this  knowledge  is  essentia] 
for  construction  purposes  such  as  diverting  the 
am.  providing  cofferdam  protection,  and  sched- 
uling operations  Methods  of  arriving  at  e-ti- 
mates  of  floodflows  are  discussed  in  chapter  11.  If 
the  feasibility  studies  are  relatively  complete,  the 
Hood  determination  may  he  -ufiicient  for  design 
purposes  If.  however,  floodflows  have  heen  com- 
puted for  purposes  of  the  feasibility  study  without 
making  full  use  of  all  available  data,  these  studio 
should  he  carefully  reviewed  ami  extended  in 
detail  before  the  actual  design  of  the  structure  is 
undertaken.      Frequently,    new    data    on    -tonus 
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floods,  and  droughts  become  available  between  the 
time  the  feasibility  studies  are  made  and  con- 
struction starts.  Where  such  changes  are  signifi- 
cant, the  flood  studies  should  be  revised  and 
brought  up  to  date. 

Project  studies  should  also  include  a  ground- 
water study  which  may  be  limited  largely  to  deter- 
mining the  effect  of  ground  water  on  construction 
methods.  However,  some  ground-water  situa- 
tions may  have  an  important  bearing  on  the  choice 
of  the  type  of  dam  to  be  constructed  and  on  the 
estimates  of  the  cost  of  foundations.  Important 
ground-water  information  sometimes  can  be  ob- 
tained in  connection  with  subsurface  investigations 
of  foundation  conditions. 

As  soon  as  a  project  appears  to  be  feasible,  steps 
should  be  taken  in  accordance  with  State  water 
laws  to  initiate  a  project  water  right. 

22.  Investigations  of  Foundations  and  Materials. — 
On  all  dam  projects  the  water  tightness  of  the 
reservoir,  the  suitability  of  the  foundations  for  the 
dam  and  appurtenant  structures,  and  the  con- 
struction materials  sources,  are  important  geolog- 
ical and  engineering  considerations.  The  extent  of 
investigations  for  resolving  these  problems  should 
be  commensurate  with  the  importance  of  the 
project  and  with  the  stage  of  the  investigation. 
Obtaining  highly  detailed  information  on  sub- 
surface conditions  may  exceed  justifiable  costs  on 
most  small  projects;  hence,  reliance  will  have  to  be 
placed  on  judgment  and  experience  rather  than  on 
a  large  amount  of  subsurface  exploration  and 
laboratory  testing.  For  example,  considerations 
of  economy  require  a  minimum  of  exploration  for 
alternative  dam  sites  prior  to  final  selection.  Once 
the  site  is  established,  however,  the  information  to 
be  obtained  at  each  subsequent  stage  of  the 
explorations  should  be  of  a  quality  suitable  for  use 
in  specifications  designs.  Uneconomical  duplica- 
tion of  effort  and  contractual  difficulties  are  risked 
when  incomplete  data  are  obtained. 

In  the  reconnaissance  stage,  sufficient  infor- 
mation is  obtained  to  select  the  damsite  and  to 
determine  whether  additional  investigation  is 
warranted.  The  first  step  is  to  search  for  and 
study  all  geological  and  soils  data  relating  to  the 
area,  including  maps,  air  photographs,  and  reports. 
Sources  of  such  information  are  given  in  chapter 
IV.  It  may  be  difficult  to  apply  the  data  from 
these  sources  directly  to  the  design  of  the  dam; 
however,    the   information   that   can   be   gleaned 


from  them  is  of  considerable  value  in  planning 
field  investigations  and,  later,  in  interpreting  their 
results.  The  second  step  in  the  reconnaissance 
stage  is  a  field  examination  of  the  site  and  sur- 
rounding area  by  the  engineer  who  should  be  ac- 
companied, if  possible,  by  an  engineering  geologist. 
This  examination  should  include  construction 
materials  sources  and  the  reservoir  and  damsite 
geology  that  is  visible  on  the  ground. 

It  is  important  to  record  all  of  the  data  obtained 
in  the  reconnaissance  stage.  Even  if  economic 
factors  at  the  time  of  the  study  preclude  further 
investigations,  changing  economic  conditions  later 
may  result  in  a  reevaluation  of  the  project;  thus, 
costly  duplication  of  earlier  investigations  can  be 
avoided.  Because  reconnaissance  data  may  be 
based  primarily  on  limited  surface  information, 
large  factors  of  safety  should  be  used  in  estimates 
of  potential  quantities  of  construction  materials, 
hauling  distances,  and  depths  for  cutoffs. 

The  objective  of  the  feasibility  stage  is  to  obtain 
data  for  a  cost  estimate.  The  estimate  should  be 
sufficiently  accurate  to  determine  whether  the 
project  is  economically  justified.  The  extent  of 
the  investigation  depends  on  the  data  available 
from  the  reconnaissance  stage.  The  accuracy 
of  information  required  in  the  feasibility  stage 
generally  requires  that  subsurface  explorations  be 
performed.  Detailed  information  on  exploration 
methods,  logging,  and  sampling  procedures  is  given 
in  chapter  IV. 

Additional  boreholes  may  be  needed  in  the 
specifications  stage  to  answer  critical  questions 
posed  by  the  feasibility  designs,  such  as,  what 
should  be  the  depth  of  cutoff  trenches,  or  if  borrow 
material  is  scarce,  what  quantity  is  available. 
Earlier  explorations  may  also  have  raised  critical 
geological  questions  requiring  resolution  such  as, 
will  a  fault  zone  encountered  in  one  of  the  bore 
holes  be  of  sufficient  extent  to  create  a  design 
problem  or  is  further  exploration  necessary  to  out- 
line definitely  a  buried  channel  filled  with  highly 
pervious  materials  that  intersects  the  dam  founda- 
tions. 

In  this  final  investigation  stage,  a  limited 
number  of  laboratory  index  tests  should  be  made 
on  representative  samples.  The  purpose  of  these 
tests  is  to  verify  soil  classifications  and  to  obtain 
the  moisture-density  characteristics  of  proposed 
borrow  area  soils.  Permeability  tests  rarely  will 
be  required  if  adequate  soil  classifications  are  made. 
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However,  rerj  sand}  soils  may  be  tested  if  the 
n  requires  specific  permeability  information. 
The  properties  of  proposed  sources  <>f  rock  for 
riprap  and  rocknll  and  of  concrete  aggregate  Bhould 
be  investigated  as  described  in  chapter  I\ 

23.  Sanitary  Studies.  The  necessit}  for  sanitary 
studs  is  determined  l>y  the  degree  to  which  pollu- 
tion will  be  a  factor  in  limiting  the  utilization  of 
tin-  proposed  project.  All  possible  sources  of 
pollution  from  human,  animal,  and  industrial 
Waste  should    he   investigated   and   evaluated.      If 

municipalities  are  situated  on  the  catchmenl  basin, 

their  sew  age  disposal  s\  steins  must  he  investigated. 
Water  samples  adequately  covering  the  period 
of  the  year  during  which  the  proposed  project  will 
he  in  use  should  he  taken  from  the  water  course 
below  the  municipality  and  analyzed,  particularly 
if  there  is  a  seu  er  outfall  emptying  into  the  stream. 
If  the  disposal  system  includes  a  bypass  to  the 
stream  around  the  treatment  plant,  its  effect 
should  he  evaluated  and  definite  provisions  made 
whereby  the  authorities  in  charge  of  the  reservoir 
project  will  he  notified  prior  to  its  use.  Often 
a  municipality  has  an  inadequate  disposal  syBtem 
hut  has  plans  for  eventual  improvement.  In 
such  cases,  it  may  he  necessary  to  plan  the  pro- 
posed project  for  limited  use,  pending  the  cor- 
rection. 

24     Recreation     and    Fish    and     Wildlife.      These 

investigations,  especially  those  relating  to  fish  and 
wildlife,  require  the  services  of  exports  in  the  field 
a-  discussed  in  sections  8  and  9.  Recreational 
investigations  include  estimates  of  the  Dumber  of 
people  that  might  visit  the  development  one  or 
more  times  in  a  season,  the  probable  length  of 
visit,  the  possible  u-^es  and  need  for  zoning  the 
area,  and  a  comparison  of  the  area  with  competing 
areas 

Fish  and  wildlife  may  he  affected  beneficially  or 
detrimentally.  The  magnitude  of  the  impact 
should  be  estimated,  and  plans  should  he  included 
for  mitigating  damage  to  the  extent  warranted 
through    provision   of   dead   storage   in    reservoirs. 

regulated  releases,  tish  ladders  to  facilitate  migra- 
tory movement,  fish  screens  to  prevent  access, 
provision  of  vegetative  cover  for  nesting  areas  and 
for  sanctuaries,  provision  of  areas  for  production 

of  fee. I.  etc 

25.  Design   of  Structures.     Technical    questions 

involved  in  the  design  of  small  dams  of  various 
types  and  in  the  designs  and  layout  of  the  appur- 


tenant   Structures,  SUCfa   as  outlet    Works  and  spill- 
ways, are  presented  in  the  various  chapters  covering 

outlets,  spillways,  and  different   types  of  dams 
Except    for   \ci\    minor  structures,  most    Mates 

require  submittal  <>f  plans  for  review  and  inspec- 
tion in  the  case  of  non-l-Yderal  works.  Kngiin  • 
or  owners  considering  dam  construction  in  an\ 
State  should  obtain  concise  information  on  what 
type  of  control  is  exercised  by  the  Slate,  as  well 
as  the  name  and  address  ()f  the  appropriate  official 
and  agency  which  exercise-  such  control  Permits 
or  licenses  must  be  secured  from  the  Federal 
Tower  Commission  for  power  projects,  and 
approval  must  he  obtained  from  the  Department 
of  Defense  if  structures  on  navigahle  streams  arc 
involved. 

Before  proceeding  with  design  of  a  dam,  the 
designer  should  consult  with  the  appropriate 
officials  to  determine  the  requirements  of  the 
supervising  agency. 

26.  Preparation  of  Cost  Estimates.  Rough  over- 
all estimates  of  project  feature  costs  are  commonly 
made  during  the  reconnaissance  stage  for  the 
purpose  of  comparing  alternative  sites  and  for 
determining  the  size  and  scope  of  development 
More  detailed  estimates  involving  quantities  and 
unit  costs  are  necessary  for  inclusion  in  feasibility 
reports  supporting  authorization  or  approval  for 
construction,  after  plan  formulation  studies  have 
established  the  optimum  scale  for  economic  sound- 
ness of  the  development.  Estimates  for  dams  and 
reservoirs  should  include,  in  addition  to  the  con- 
struction costs  of  the  dam  and  appurtenant  struc- 
tures, the  probable  cost  of  lands,  water  rights  (if 
existing  rights  must  he  purchased  or  subordinated), 
rights-of-way,  and  clearing  the  reservoir  are 
costs  of  relocating  public  highways,  railroads, 
buildings,  and  other  properties;  and  engineering 
and  administrative  cost-  Estimates  will  also  he 
needed  for  annual  costs  for  financing  and  for 
operation,  maintenance,  and  replacement.  The 
feasibility  estimate  may  not  be  in  full  detail,  but 
in  overall  amount  it  should  represent  a  ceiling 
within  which  the  project  features  can  be  built, 
barring  significant  advances  in  unit  prices  The 
final  estimate  will  be  based  on  the  subsequent 
detailed  studies  made  in  connection  with  the  prep- 
aration of  specifications  and  should  be  in  sufficient 
detail  to  serve  as  a  guide  in  securing  bids  and 
awarding  a  contract  for  construction. 

27.  Quantity  Estimates.     After  details  of  the  de- 
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sign  of  the  dam  and  auxiliary  structures  have  been 
determined,  the  overall  design  can  be  completed 
and  construction  quantities  computed.  In  pre- 
paring estimates  for  excavation  and  embankment 
work,  allowances  must  be  made  for  wasted  and 
unsuitable  materials,  shrinkage  from  excavation 
to  compacted  fills,  swell  of  rock  excavation,  and 
overbreak  in  tunnel  and  channel  excavation.  The 
contingency  percentage  usually  added  to  an  esti- 
mate is  for  the  purpose  of  covering  unforeseen 
difficulties,  changes  of  plans,  and  detailed  items  of 
design  that  may  be  changed  or  possibly  omitted 
because  of  limited  funds.  This  contingency  per- 
centage does  not  cover  overexeavation  or  exces- 
sive waste  in  construction. 

In  preparing  estimates,  correction  factors  or  per- 
centages should  be  applied  to  net  computed  quan- 
tities for  certain  classes  of  work.  The  major  items 
likely  to  be  in  error  are  embankments,  excava- 
tion, and  concrete  quantities.  Soil  for  compacted 
earth  embankments,  if  measured  in  borrow  excava- 
tions will  usually  shrink  from  10  to  30  percent  when 
compacted — in  general,  about  15  percent.  An 
allowance  of  20  to  40  percent,  generally  25  percent, 
for  the  swell  of  rock  from  excavation  to  rockfill 
and  riprap  should  be  made.  Adequate  allowance 
for  overbreak  should  be  made  for  excavation  and 
for  concrete  lining  in  tunnels.  Overbreak  will 
van*  with  the  tunnel  size;  with  the  nature  of  the 
material  as  to  its  composition,  blockiness,  and 
laminar  makeup;  and  with  the  construction  meth- 
ods employed.  Overbreak  in  tunnels  can  amount 
to  as  much  as  40  percent  of  the  minimum  bore 
quantities.  Additional  concrete  lining  quantity 
percentages  in  such  instances  will  be  considerably 
higher,  since  the  ratio  will  be  based  on  the  area  of 
the  concrete  ring  rather  than  on  the  entire  bore 
area.  An  allowance  must  be  made  also  for  cement 
and  aggregate  wastes  in  the  concrete  quantities. 

The  estimator  must  be  generous  in  computing 
quantities  and  yet  avoid  unreasonable  and  exces- 
sively high  estimates.  Laboratory  data  available 
are  of  considerable  importance  to  the  estimator  in 
making  the  proper  allowances  for  the  estimated 
quantities.  This  is  especially  true  of  embankment 
materials  and  concrete  mixes.  An  important  fea- 
ture of  estimating  quantities  is  a  general  under- 
standing of  the  definitions  for  the  various  items 
with  respect  to  specifications  or  pay  dimensions. 
In  preparing  a  schedule  of  quantities  it  is  generally 
advisable  to  list  all  items  on  a  standard  form  and 


according  to  standard  specifications  so  that  the 
items  may  be  carefully  checked  against  quantities 
and  so  that  omissions  may  be  avoided. 

28.  Unit  Costs. — because  of  widely  varying  eco- 
nomic and  labor  conditions  in  different  localities, 
it  is  not  possible  to  furnish  unit  prices  for  use  in 
estimating  each  class  of  work.  Furthermore,  unit 
costs  fluctuate  widely  in  response  to  economic  con- 
ditions and  other  factors.  The  estimator  should 
familiarize  himself  with  local  conditions,  probable 
sources  of  materials  and  labor  supply,  cost  of 
similar  work  in  the  locality,  and  probable  changes 
in  costs  of  materials  and  labor  that  may  occur 
before  actual  construction  due  to  economic  adjust- 
ments. During  periods  of  economic  fluctuations, 
consideration  should  be  given  to  construction  cost 
indexes  and  trends,  with  an  intelligent  application 
to  the  particular  project. 

The  costs  of  operations  such  as  excavation,  em- 
bankment, and  mass  concrete  work  have  not  risen 
in  proportion  to  the  increase  in  labor  costs,  because 
of  improved  methods  and  greater  use  of  machinery 
and  mechanical  equipment.  In  fact,  for  some 
large-scale  operations,  unit  costs  have  been  re- 
duced. On  the  other  hand,  the  costs  of  construc- 
tion operations  involving  a  large  percentage  of 
labor  (for  example,  reinforced  concrete,  formwork, 
and  hand  excavation)  have  greatly  increased. 

29.  Finalizing  the  Project  Plans. — Plan  formula- 
tion is  a  continuous  process  of  coordination, 
analysis,  and  extension  of  all  the  specific  studies 
directed  toward  achieving  optimum  size  and  scope 
of  project  and  maximum  benefits.  It  involves 
trial  studies  of  various  combinations  of  purposes 
and  sizes  and  designs  of  structures  so  that  in  the 
final  plans  the  sponsor  may  know,  for  example, 
that  the  area  to  be  irrigated  has  been  properly 
selected  in  consideration  of  the  available  water 
supply  from  various  sources;  that  the  reservoir  is 
of  proper  size  to  achieve  the  best  regulation  of 
that  water  supply  in  terms  of  the  investment  for 
construction,  operation,  and  maintenance;  and 
that  there  are  economic  balances  between  spillway 
capacities  and  reservoir  surcharge  capacities,  and 
between  height  of  diversion  dam  and  length  of 
canal. 

It  should  be  emphasized  that  incorrect  conclu- 
sions from  the  study  are  more  often  arrived  at 
through  forced  interpretation  of  the  data  in  favor 
of  the  project  than  through  a  lack  of  ability  to 
evaluate  properly    those    data.     Under   no    con- 
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sideration  Bhould  a  factor  be  assumed  ai  favorable 
until  that  assumption  is  supported  by  nil  available 

(lain 

In  certain  sections  of  ili«'  United  States,  water 
rights  are  commonly  overlooked.  Although  no 
difficulties  may  have  arisen  in  the  past  <>n  a  par- 
ticular Btream  «>r  in  a  particular  area,  water  rights 
must  be  investigated  for  each  proposed  project. 

The  sanitary  study  will  not  be  necessary  for  nil 
projects  On  the  other  hand,  it  is  often  incorrectly 
omitted  in  the  study  of  projects  where  purity  of 
water  is  a  major  consideration.  Where  such 
Btudy  is  required,  it  is  advisable  to  consider  all 
potential  sources  <>f  pollution  in  their  most  un- 
favorable lighl . 

Where  competent  geologists  are  available,  the 
geologic  study  will  offer  feu  difficulties.  If  such 
assistance  is  not  available,  the  greatest  caution 
should  be  exercised  in  interpreting  geologic 
characteristics. 

When  thorough  consideration  has  been  given  to 
each  of  the  component  studies  for  a  particular 

project,   they  should  each   he  briefed,  listing:     (1) 

The  favorable,  and  (2)  the  unfavorable  circum- 
stances with  regard  to  the  project.  Technical 
honesty  should  guide  in  the  evaluation,  and  any 
unsoundness  of  the  project  should  he  recognized  if 

soundness  is  not  proved  beyond  a  reasonable 
doubt. 

30.  Planning  Reports.  —A  reconnaissance  report 
is  generally  prepared  by  the  investigating  engineer 

to  make  a  record  of  the  data  available,  to  present  a 
preliminary  concept  of  the  project  plan  with  a 
rough  economic  and  financial  analysis,  and  to  draw 
conclusions  as  to  whether  the  project,  based  on 
data  at  hand,  merits  further  study.  If  the 
recommendation  is  favorable,  the  report  should 
outline  the  feasibility  grade  investigation  to  be 
made,  the  estimated  costs  and  time  required,  and 
the  requirements  for  personnel,  equipment,  etc. 

The  project  feasibility  report  is  generally  pre- 
pared on  completion  of  the  feasibility  investiga- 
tions as  a  hasis  for  advising  the  sponsor  or  owner 
and  others  who  must  approve  or  authorize  the 
project  of  its  merits.  The  report  describes  the 
project  plans,  features,  costs,  benefits,  relation- 
ships to  existing  and  future  developments,  prob- 
lems, and  financing.  It  should  present  definite 
recommendations,    based    upon    probable    accom- 


plishments, regarding  feasibility  and  acceptability 
under  possible  means  of  financing  construction. 
The  conclusions  and   recommendations  should    be 

adequately  Bupported   by   the  investigations,   as 

documented  in  the  report  or  its  appendixes,  in 
BUch    form    that,    if   necessary,    the    work    may    be 

readil}  reviewed  by  the  proper  authorities. 

A  feasibility  report  or  a  final  report  of  a  project 
involving  the  construction  of  a  dam  should  in- 
clude, as  part   of  the  report    or  as  an  appendix,   a 

Beparate  report  on  the  design  of  the  dam  and  its 

appurtenant    structures.      An  outline   for  a   report 

on  the  design  of  a  dam  is  given  in  the  following 

section. 

31.   Report  on  Design  of  Dam.      A  complete  report 

Bhould  l>e  prepared  covering  the  investigation,  en- 
gineering features,  and  cost  of  the  proposed  dam 
and  reservoir.  It  should  contain  a  general  descrip- 
tion of  the  design,  including  the  various  factors 
involved,  a  copy  of  the  detailed  estimate,  and 
a  drawing  Bhowing  the  general  plan  and  sections. 
Included  on  the  drawing  should  he  a  location  map 
and  curves  showing  hydraulic  capacity 

To  insure  a  complete  description  and  record 
of  all  essential  data,  calculations,  and  conclusions 
entering  into  the  design,  a  uniform  procedure  is 
desirable.  The  following  outline  of  the  items 
which  the  report  should  cover  is  included  as  a 
guide.  Obviously,  all  of  the  information  listed 
in  this  outline  is  not  necessary  for  any  particular 
small  dam,  hut  the  greater  part  of  it  will  be  re- 
quired for  the  larger  and  more  complex  BtTUCtUl 
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FEASIBILITY   (OR  SPECIFICATIONS)    DE- 
SK ;\  AND  ESTIMATE  FOR  DAM 

A.   Location  ami  Purpose: 

1.  Section,   township,  range,  principal   merid- 
ian, county.  State,  nearest  city. 

2.  Location  in  respect   to  other  features. 
A.    Accessibility. 

4.    Purpose: 

(ai    Amount  of  storage      live.  dead. 

(b)  Type  of  storage     irrigation,  flood, 
power,  domest i<\  etc. 

(c)  Water  surface  elevations. 

id  i    Place  where  water  will  be  used. 
S     Alternate  designs,  if  any. 
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B.  Summary  of  Design: 

1.  Storage  capacity acre-feet. 

2.  Spillway  capacity second-feet    at 

water  surface  ele- 
vation       

3.  Outlet  capacity second-feet    at 

water  surface  ele- 
vation       

4.  Power  outlet  capacity^.   second-feet    at 

water  surface  ele- 
vation   

5.  Top  of  dam elevation  

6.  Normal  water  surface elevation  

7.  Maximum  water  surface elevation  

surcharge  

acre-feet. 

8.  Minimum  water  surface elevation  

9.  Freeboard    above     maximum         feet. 

high  water. 

10.  Maximum  height  of  dam  above      feet. 

stream  bee1. 

11.  Estimated  cost  of  dam  (or  dam        $ 

and  reservoir). 

12.  Estimated  cost  per  acre- foot  of     $ 

storage. 

13.  Total  estimate,  project $ 

14.  General  plans  and  sections Drawing  No 

C.  Design  Data: 

1.  Topography: 

(a)  Scale. 

(b)  Contour  interval. 

(c)  Planetable  sheet  numbers. 

(d)  Surveyed  by. 

(e)  Date  of  survey. 

2.  Geological  report — author  and  title. 

3.  Logs  of  test  pits  and  drill  holes. 

4.  Hydraulic    data,    capacities    and    require- 
ments and  by  whom  established: 

(a)  Storage,  irrigation,  flood,  power. 

(b)  Spillway. 

(c)  Outlet. 

(d)  Diversion. 

(e)  Area-storage  capacity  curves  for  var- 
ious elevations  of  water  surface. 

5.  Hydrologic  data: 

(a)  Hydrographs. 

(b)  Maximum  recorded  flood. 

(c)  Inflow  design  flood. 

(d)  Mean  annual  runoff  of  drainage  basin. 

(e)  Tailwater  curve. 

(f)  Cross  sections  of  streambed. 

(g)  Design  values. 

(h)  Climatic  conditions. 

6.  Borrow  areas  and  aggregate  deposits,  loca- 


tion, and  transportation  facilities  available: 
(a)   Laboratory  tests. 

7.  Right-of-way  information. 

8.  Photographs. 

D.  Reservoir  Data: 

1 .  Proposed  capacities  with  corresponding  wa- 
ter-surface elevations. 

2.  General  dimensions. 

3.  Existing  structures  affected. 

4.  Nature  of  land  flooded  and  clearing  required. 

5.  Relocations:  Railroad,  highway,  telephone 
lines,  oil  lines,  powerlines. 

6.  Limitations  to  maximum  reservoir  flow  line. 

7.  Geology: 

(a)  General  formations. 

(b)  Factors  relating  to  reservoir  losses. 

(c)  Contributory  springs. 

(d)  Deleterious  mineral  and  salt  deposits. 

8.  Right-of-way. 

E.  Damsite  Data: 

1.  Geological  features,  formations: 

(a)   Nature  of  streambed  and  abutments. 

2.  Interpretation  of  test  pits  and  drill  holes. 

3.  Percolation  tests,  ground  water. 

F.  Dam  Design: 

1.  Number  and  types  of  estimates  prepared. 

2.  Features  governing  design. 

3.  Drawing  number. 

4.  Water-surface  elevations,  storage  capaci- 
ties, freeboard. 

5.  General  dimensions: 

(a)  Top  width. 

(b)  Description  of  section — slopes,  height, 
zoning,  etc. 

(c)  Crest  length ;  roadway. 

(d)  Length  of  base  at  maximum  section. 

6.  Percolation  factor;  sliding  factor. 

7.  Cutoff  trench  and  cutoff  wail  dimensions. 

8.  Grouting  requirements. 

9.  Toe  drains,  drain  holes. 

10.  Parapet  and  curbs. 

11.  Galleries. 

12.  Fish  ways,  logways,  etc. 

G.  Outlet  Works  Design: 

1.  Requirements: 

(a)  Discharges   and   corresponding  water 
surface  elevations. 

(b)  Diversion  capacities  and  water  surface 
elevations. 

2.  Factors  affecting  location. 


PROJECT  PLANNING 


17 


3.  'runnel  dimension     materia]  encountered 

liner  plates 

4.  Conduit  dimenaio 
( late  chamber: 
(ai   Dimensions. 
(I>)  Location 

(c)    Accessibility. 
ft.    (Inles,  valves,  and  pipe- 

(ai   Dimensions. 
b    Elevations, 

7      Approaches,  shafts,  adits,  plugs. 

B    Location  of  controls. 

Trashrack. 
in    Stilling  basin. 
II    Spillway  Dt  Sign: 
l.  Requirements. 

2    Factors  governing  design  and  location. 
3.  Type  and  description: 

( 'onttolled  or  uncontrolled. 
Lining. 

Dimensions. 


Elei  atioiis 

t    <  .ni.~  gate  -t puc( ure 
Dimensions. 
(I))  Operation. 
5.  Stilling  basin: 

(a)  General  description. 
(In  Dimension 
•i.  Approach  and  discharge  channels 
I .    ( 'oMtruction  Facilitu 

1.  Estimated  time  to  complete. 

2.  Power  available. 

.'<.   Construction      railroad,      shipping      points, 

hauls. 

4.  Construct  ion  camp. 

5.  Local  conditions. 

J.    Materials  ami  Unit  Pria 

1.  Location  of  borrow,  hauls. 

2.  Aggregate  deposits,  hauls. 

'.>>.   Cement,  nearest  mill,  hauls. 

4.  Railroads,  terminals. 

5.  Basis  for  unit  prices. 
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Flood  Studies 
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A.     GENERAL 


33.  Scope.  Tin-  chapter  considers  methods  of 
determining  Hood  Bows  to  be  expected  from  the 
drainage  area  tributary  to  the  reservoir  site,  for 
which  provision  must  be  made  in  the  design  of  a 
dam.  The  Hood  used  for  design  against  failure  is 
termed  the  "inflow  design  Hood."  In  most  in- 
stances, particularly  for  structures  impounding 
considerable  Btorage,  the  inflow  design  flood  is  the 
maximum  probable  flood,  which  is  defined  as  the 
largest  flood  that  can  reasonably  be  expected  to 
occur  on  a  given  stream  at  a  selected  point. 
Adoption  of  an  inflow  design  flood  less  than  the 
maximum  probable  flood  is  a  policy  decision  to  he 
made  by  the  owner,  agency,  or  organization 
responsible  for  construction  of  the  project. 
Factors  to  he  considered  in  arriving  at  such  a 
decision  are  discussed  in  chapter  VIII. 

Determination  of  the  maximum  probable  flood 
is  based  on  rational  consideration  of  the  chances  of 
simultaneous  occurrence  of  the  maximum  of  the 
several  elements  or  conditions  which  contribute  to 
the  flood.  A  major  consideration  is  the  deter- 
mination of  the  runoff  that  would  result  from  an 
occurrence  of  a  probable  maximum  storm  based  on 
meteorological  factors.  This  bydrometeorological 
approach  is  necessary  because  Btreamflow  record- 
are  of  such  relatively  short  duration  in  the  Tinted 
States    that    Statistical    analyses    thereof    do    not 

provide  reliable  bases  for  estimates  of  maximum 
probable  flood  flows 

In  addition  to  determination  of  inflow  design 
Hoods,  this  chapter  will  indicate  methods  of  deter- 
mining the  magnitude  and  frequency  of  floods  as 
indicated  by  Statistical  analyses  of  streamflow 
records       These  are  primarily  for  use  in  connection 


with  estimating  diver-ion  requirements  during 
construction,  establishing  frequency  of  use  of 
emergency  spillways  used  in  conjunction  with  out- 
lets or  small  spillways,  determining  peak  discharge 
e-tiniates  for  diversion  dams,  or  providing  other 
information  useful  to  the  designers.  Discussions 
in  part  A  of  this  chapter  are  general;  details  of 
suggested  procedures  are  given  in  part  B. 

34.  Sfreamflow  Data. — The  hydrologic data  most 
directly  useful  in  determining  floodflows  are  actual 
streainllow  records  of  considerable  length  at  the 
location  of  the  dam.  Such  records  are  rarely 
available.  The  engineer  should  obtain  the  stream- 
flow  records  available  for  the  general  region  in 
which  the  dam  is  to  he  situated  Locations  of 
Stream  gaging  stations  and  precipitation  stations 
in  the  United  States  are  shown  on  a  series  of  map- 
entitled  "River  Basin  Maps  Showing  Hydrologic 
Stations,"  edition  1949.  prepared  under  the  super- 
vision of  the  U.S.  Weather  Bureau.  Such  data 
collecting  stations  are  suhject  to  change  in  loca- 
tion, discontinuation,  or  initiation  of  new  stations. 
These  maps  cannot  he  kept  current,  and  informa- 
tion thereon  must  he  supplemented  by  additional 
investigations  in  order  to  he  sure  of  the  location 
and  operation  of  stations  in  a  given  area.  The 
engineer  should  consult  the  water  supply  papers 

and  indexes  of  the  U.S.  ( icological  Survey  '  and,  if 
possible,  confer  with  the  survey's  district  engineer. 
He  should  also  make  a  search  of  the  records  of 
Other  Federal  agencies  which  may  have  collected 
information  in  the  region,  and  the  records  of  Slate 
water  conservation  agencies  or  State  geological 
surveys:   and    he   should    determine   whether   any 
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information  may  be  available  from  other  State 
departments,  from  county  engineer  offices,  from 
municipalities  in  the  vicinity,  or  from  utility  com- 
panies. Where  streamflow  records  are  not  avail- 
able, some  agencies  or  inhabitants  of  the  vicinity 
may  have  information  about  high-water  marks 
caused  by  specific  historic  floods. 

With  respect  to  the  character  of  the  streamflow 
data  available,  flood  flows  at  the  damsite  may  be 
determined  under  one  of  the  following  conditions: 

(1)  Streamflow  record  at  or  near  the  dam- 
site. — If  such  a  record  is  available  and  covers 
a  period  of  20  years  or  more,  the  floodflows 
shown  by  the  record  may  be  analyzed  to  pro- 
vide flood  frequency  values  (sec.  54).  Hydro- 
graphs  of  outstanding  flood  events  can  be 
analyzed  to  provide  runoff  factors  for  use  in 
determining  the  maximum  probable  flood 
(sees.  46,  48,  50,  and  51). 

If  such  a  record  is  available  but  covers  only 
a  few  years,  it  may  not  include  any  flood  of 
great  magnitude  within  its  limits  and,  if  used 
alone,  it  would  give  false  indication  of  flood 
potential.  Analysis  may,  however,  give  some 
or  all  of  the  runoff  factors  needed  to  compute 
the  maximum  probable  flood.  Frequency 
values  obtained  from  a  short  record  should 
not  be  used  without  analysis  of  data  from 
nearby  watersheds  of  comparable  runoff 
characteristics. 

(2)  Streamflow  record  available  on  the  stream 
itself,  but  at  a  considerable  distance  from  the 
damsite. — Such  a  record  may  be  analyzed  to 
provide  unitgraph  characteristics  (sees.  47, 
48,  and  49),  and  frequency  data  which  may  be 
transferred  to  the  damsite  by  appropriate  area 
and  basin-characteristic  coefficients  (sees.  49 
and  54).  This  transfer  can  be  made  directly 
from  one  drainage  area  to  another  if  the  areas 
have  comparable  characteristics.  Often  dam- 
sites  are  located  within  the  transition  zone 
from  mountains  to  plains  and  the  stream 
gaging  stations  are  located  well  out  on  the 
plains;  in  such  instances,  special  care  must  be 
exercised  when  using  the  plains  record  for 
determination  of  floodflows  at  the  damsite. 

(3)  ATo  adequate  streamflow  data  available  on 
the  specific  stream,  but  a  satisfactory  record  for  a 
drainage  basin  of  similar  characteristics  in  the 
same  region. — Such  a  record  may  be  analyzed 
for  unitgraph   characteristics  and  frequency 


data,  and  these  data  transferred  to  the  dam- 
site by  appropriate  area  and  basin-character- 
istic coefficients. 

(4)  Streamflow  records  in  the  region,  but  not 
satisfactorily  useful  for  application  and  analysis 
under  one  of  the  above  methods. — These  records 
may  be  assembled  and  analyzed  as  reference 
information  on  general  runoff  characteristics. 

(5)  Use  of  high-water  marks. — High- water 
marks  pointed  out  by  inhabitants  of  the  valley 
should  be  used  with  caution  in  estimating 
flood  magnitudes.  However,  where  there  are 
a  number  of  high -water  marks  in  the  vicinity 
of  the  project,  and  particularly  if  such  marks 
are  obtained  from  the  records  of  public  offices 
(such  as  State  highway  departments  or  county 
engineers) ,  they  may  be  used  as  the  basis  of  a 
separate  supplemental  study.  These  records 
may  be  used  to  determine  the  water  cross- 
sectional  area  and  the  water  surface  slope  for 
the  flood  to  which  they  refer,  and  from  these 
data  an  estimate  of  that  particular  flood 
peak  may  be  prepared  using  the  slope-area 
method  described  in  appendix  B. 

Whenever  it  appears  that  there  will  be  one  or 
more  flood  seasons  between  the  selection  of  the 
damsite  and  construction  of  the  dam,  facilities  for 
securing  a  streamflow  record  for  the  project  should 
be  set  up  as  promptly  as  possible.  This  is  of 
particular  importance  in  order  to  obtain  watershed 
data  directly  applicable  to  the  computation  of  the 
inflow  design  flood  for  the  dam,  although  a  record 
usable  for  frequency  computations  cannot  be 
secured.  The  facilities  for  obtaining  such  a  record 
should  be  the  best  possible  depending  on  the 
circumstances.  A  detailed  discussion  of  these 
facilities,  which  may  consist  of  either  nonrecording 
or  recording  gages,  is  included  in  the  following 
publications:  "Equipment  for  Current-Meter 
Gaging  Stations,"  U.S.  Geological  Survey  Water 
Supply  Paper  371;  "Stream-Gaging  Procedure," 
U.S.  Geological  Survey  Water  Supply  Paper  888; 
and  "Stream  Flow,"  by  Grover  and  Harrington, 
John  Wiley  &  Sons,  Inc.,  New  York,  1943.  The 
advice  of  Geological  Survey  engineers  will  be 
helpful  in  the  site  selection  and  installation, 
operation,  and  interpretation  of  records  obtained. 

The  importance  of  utilizing  records  of  runoff 
originating  from  the  watershed  above  the  damsite 
cannot  be  overemphasized.  In  the  case  of  a  dam- 
site located  on  an  ungaged  stream,  the  establish- 


FLOOD  STUDIES 


21 


men!  of  measuring  facilities  as  discussed  above 
may    produce    basic   data    which    would    justify 
leventh  hour"  revision  of  the  plans,  thus  im- 
pio\  1 1 1 ;_r  the  design  of  ilic  dam 

35.  Precipitation  Data.  In  each  of  the  situations 
outlined  in  the  preceding  section,  precipitation 
data  are  needed  to  evaluate  factors  for  use  in 
computing  the  maximum  probable  flood  The 
engineer  should  assemble  the  information  with  re- 
spect to  precipitation  during  the  greater  Btorms  in 
the  region,  and  particularly  for  those  -tonus  for 
which  runoff  records  nre  available  Such  infor- 
mation can  he  obtained  from  publications 
of  the  LJ.S.  Weather  Bureau.  At  present 
1958  .  daily  precipitation  data  for  each  month  for 
each  State  are  contained  in  the  publication  "Clima- 

tological  Data."  Hourly  data  for  each  month  for 
each  State  obtained  l>\  recording  precipitation 
gages   are   contained    in    the    publication    "Hourly 

Precipitation  Data"'  Often  precipitation  data 
obtained  by  Weather  Bureau  precipitation  stations 
have  been  supplemented  by  "bucket  survey"  data, 
i  c  ,  information  on  rainfall  amounts  of  unusual 
storms  obtained  from  residents  within  the  storm 
area  by  personnel  of  the  Weal  her  Bureau  and  ot  her 

Government  agencies, 

Locations  of  precipitation  stations  as  of  1949 
are  shown  on  the  series  of  maps  "River  Basin  Maps 
showing  rlydrologic  Station-."  previously  referred 

to.  The  need  may  arise  for  utilizing  frequency 
values  of  rainfall  sec.  42).  Weather  Bureau  pub- 
lications presenting  these  data  are  included  in  the 
bibliography,  section  55 

If  plans  are  made  to  install  streamflow  measur- 
ing facilities  as  discussed  in  the  preceding  section, 
provision  should  also  he  made  for  obtaining  pre- 
cipitation records  \n  important  item  to  con- 
sider is  the  selection  of  the  location  (or  locations) 
of  the  precipitation  gage,  so  that  the  catch  will  be 
a  representative  sample  of  average  precipitation 
over  the  watershed.      A  comprehensive  discussion 

of  types  of  precipitation  gages  and  observational 
procedures    l-    contained    iii     the     I'.S.     Weather 
Bureau  publication  "Instructions  for  Climatolog- 
ies] Observers,"  Circular  B.   10th  edition.  1952 
36.    Use  of  Streamflow  ana1  Precipitation  Records. — 

From  a  Hood  hydrologist's  point  of  view,  an  ob- 
jective of  analyzing  streamflow  and  precipitation 

■  SatweripUon  to  Umm  pabUeaUom  may  be  made  through  Dm  Bapartn.' 
tin. i. in  ol  Documents,  V  S   QoTerameni  Pitntma  Office,  Washington  2J 
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records   18   the  development    of  procedure-   whereby 

the  hydrograph  Mime  versus  distribution  of  run- 
off) thai  will  result  from  a  \iw  en  amount  of  rainfall 

may  he  estimated  Another  objective  is  the  com- 
putation of  a  Hood  magnitude-frequency  relation- 
ship based  <>n  experienced  events.  Certain  pro- 
cedures which  have  been  developed  for  attaining 
these  objectives  have  heen  -elected  for  presenta- 
tion in  this  text  as  applicable  to  problems  en- 
countered in  the  design  of  -mall  dam-  Engim 
interested  in  a  lull  discussion  of  the  Bubject  are 

referred   to  the  texts  included   in   the  bibliography, 

seel  ion  55 

The  primary  use  of  recorded  flows  and  precipi- 
tation record-  in  the  computation  of  an  inflow 
design  Hood  i-  the  deterniinat ion  of  a  unitgraph 
and  of  retention  loss  characteristics  of  (he  water- 
shed. Details  regarding  these  analyses  are  pre- 
sented in  sections  16  17.  and  48.  Where  a 
streanillow  record  of  sufficient  length  i-  avail- 
able, a  frequency  curve  may  be  computed  by  the 
procedure  outlined  in  sect  ion  .">4 

37.  Watershed  Data.  All  available  information 
concerning    watershed     characteristics    -hould     be 

assembled.  A  map  of  the  area  above  the  damsite 
should  be  prepared  showing  the  drainage  system, 
contours  if  available,  drainage  boundaries,  and 
locations  of  any  precipitation  stations  and  st  rea in- 
flow gaging  stat  ions  Available  data  on  sod  types, 
cover,  and  land  usage  provide  valuable  guides  to 
judgment.  Soil  maps  prepared  by  the  Soil  Con- 
servation Service  of  the  I'.S.  Department  of 
Agriculture  will  prove  helpful  when  the  watershed 
lie-  within  areas  so  mapped.  The  availability  of 
this  information  is  discussed  in  section  B2 

The  engineer  preparing  the  Hood  study  should 
make  an  inspection  trip  over  the  watershed  to 
verify  drainage  area  boundaries  and  soil  and  cover 
information,  and  to  determine  if  any  noncontribut- 
ing  areas  are  included  within  the  drainage  bound- 
aries. The  t  rip  should  also  include  visits  to  nearby 
watersheds  if  it  is  anticipated  that  records  from 
nearby  watersheds  will  be  used  in  the  study. 

38.  Factors   to    be   Considered  in   Estimating  Flood 

Flows,     mi      Qeneral.     Mood    formulas    primarily 

have  I n  derived   from  and  are  directed   toward 

peak  discharge  computations.  Peak  discharge 
values  of  major  floods  are  more  readib  obtainable 
than   volume   \  allies;  hence,   there  are   more  data 

available  for  peak  discharges      However,  in  most 

instances,    tin-    volume   of   runoff   associated    with 
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the  peak  discharge  and  its  time  distribution  is  of 
vital  concern  to  the  designers,  who  usually  need 
a  hydrograph  of  the  inflow  design  flood.  For 
this  reason  as  well  as  for  other  reasons  to  be  dis- 
cussed later,  flood  formulas  can  be  considered 
only  as  a  guide  to  preliminary  thinking  and  for 
making  comparisons. 

The  detail  with  which  hydrologic  computations 
need  be  made  in  preparing  a  flood  study  depend  on : 
(1)  The  character  and  applicability  of  the  stream- 
flow  data  available,  and  (2)  the  relationship  of 
spillway  cost  to  overall  cost  of  the  project.  In 
regions  of  high  rainfall  potential,  the  cost  of  a 
spillway  adequate  to  prevent  failure  sometimes 
makes  construction  of  a  dam  exceedingly  costly. 
For  important  projects,  and  particularly  where 
the  spillway  cost  is  a  major  item  of  project  cost 
and  thus  may  have  an  important  bearing  on  the 
feasibility  of  a  project,  the  best  possible  use  of 
streamflow  data  should  be  made.  The  hydrologic 
studies  required  in  such  instances  are  extremely 
complex,  and  consultation  with  an  engineer  or 
hydrologist  experienced  in  this  work  is  recom- 
mended. For  small  projects,  or  for  those  projects 
in  which  spillway  capacity  is  obtainable  at  rela- 
tively low  cost,  a  sufficient  approximation  of  the 
inflow  design  flood  discharge  may  be  determined 
by  procedures  discussed  in  this  chapter. 

Statistical  analyses  of  streamflow  records  do 
not  provide  reliable  estimates  of  maximum  prob- 
able flood  discharges.  Streamflow  records  provide 
the  relationship  between  storm  precipitation  and 
runoff  and  information  on  runoff  distribution. 
The  determination  of  the  maximum  probable 
flood  should  be  based  on  a  study  of  storm  potential, 
runoff  potential,  and  runoff  distribution  as  related 
to  the  physical  characteristics  of  the  watershed. 

Each  stream  and  each  gaging  station  of  a  drain- 
age area  presents  an  individual  problem  because 
of  the  varying  rainfall  distribution  and  different 
runoff  characteristics.  It  is  not  possible  to  express 
all  factors  affecting  runoff  in  one  simple  formula 
for  all  watersheds.  The  simplicity  of  the  Rational 
Method  formula,  Q=CiA,  which  is  familiar  to 
engineers  encountering  problems  of  runoff  esti- 
mates, is  deceptive  in  that  a  proper  evaluation  of 
the  coefficient,  C,  and  rainfall  intensity,  i,  requires 
a  detailed  hydrologic  study  for  each  application. 

For  flood  determinations,  data  concerning  the 
following  factors  for  each  site  need  to  be  assembled 
and  studied:  Geographical  location,  storm  poten- 


tial, drainage  area,  soil  and  cover,  and  runoff 
distribution.  A  general  discussion  of  each  of  these 
factors  is  given  in  the  remainder  of  this  section, 
and  a  procedure  is  presented  in  section  39  which 
provides  a  means  of  progressively  evaluating  each 
of  these  factors  and  obtaining  a  maximum  probable 
flood  hydrograph. 

It  will  be  apparent  from  the  following  discus- 
sions that  determination  of  a  maximum  probable 
flood  hydrograph  can  become  quite  complex,  and 
that  an  expert  in  this  field  should  be  consulted  in 
such  determinations  for  important  projects.  Enu- 
meration of  the  complexities  which  may  be  en- 
countered are  not  attempted;  texts  on  hydrology 
are  listed  in  the  bibliography,  section  55. 

(b)  Geographical  Location. — Flood  potential 
varies  greatly  between  geographical  subdivisions 
due  to  differences  in  geology,  topography,  and 
moisture  sources.  There  is  a  close  relationship 
between  geographical  location  and  storm  charac- 
teristics. Depending  on  location,  floodflows  origi- 
nate from  rainfall,  from  snowmelt,  or  from  a  com- 
bination of  varying  amounts  of  rainfall  and 
snowmelt.  Certain  topographic  features  exert 
significant  influence  on  precipitation  amounts,  and 
certain  geological  formations  are  conducive  to  high 
flood  discharges  while  others  tend  to  reduce  flood 
potential.  An  engineer  preparing  floodflow  esti- 
mates should  be  familiar  with  the  effect  of  these 
factors  for  the  area  in  which  he  is  interested. 

(c)  Storm  Potential. — The  first  practical  appli- 
cation of  meteorology  to  studies  of  probable  maxi- 
mum precipitation,  dates  from  cooperative  efforts 
by  the  U.S.  Corps  of  Engineers  and  the  U.S. 
Weather  Bureau  in  1937.  Shortly  afterward,  the 
Hydrometeorological  Section  of  the  Weather 
Bureau  was  established  to  perform  such  duties  on 
a  continuing  basis.  A  Cooperative  Studies  Section 
of  the  Weather  Bureau  made  similar  studies  for  the 
Bureau  of  Reclamation  from  1946  to  1954.  The 
several  reports  of  these  sections  (listed  in  the 
bibliography,  sec.  55)  provide  storm  potential  data 
for  many  parts  cf  the  United  States. 

As  the  field  of  hydrometeorology  is  relatively 
new,  a  certain  amount  of  confusion  as  to  exact 
meaning  of  its  terminology  is  to  be  expected,  par- 
ticularly when  terms  such  as  "maximum 
probable,"  "maximum  possible,"  "probable 
maximum,"  etc.,  may  or  may  not  be  intended  to 
represent  a  difference  in  storm  magnitude.  In 
this  text,  the  terminology  used  in  regard  to  storm 
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potential  is  in  accordance  with  Weather  Bureau 
practice  The  terms  "probable  maximum  pre- 
cipitation" and  "probable  maximum  Btorm"  repre- 
sent iv\"  different  thingB.  Probable  maximum 
precipitation  for  a  particular  area  represents  an 
envelopment  <>f  depth-duration-area  rainfall  rela- 
tions for  "//  Btorm  t\  pea  characteristic  to  that  area 
adjusted  meteorologically  to  maximum  conditions, 
irhereas  probable  maximum  Btorm  values  consider 
Mich  rainfall  relatione  for  onlv  similar  Btorm  types. 
Probable  maximum  Btorm  values  are  usually 
smaller  than  probable  maximum  precipitation 
values  because  different  Btorm  types  are  not  com- 
bined. This  subject  is  further  discussed  in 
Beet  ion  15 

Generalized  charts  for  estimating  probable 
maximum  precipitation  east  <>f  the  105°  meridian 
are  published  in  Hydrometeorological  Report  No. 
33  of  the  Hydrometeorological  Section,  U.S. 
Weather  Bureau,  Department  of  Commerce. 
Bureau  of  Reclamation  hydrometeorologista  have 
prepared  some  200  probable  maximum  storm 
estimates  for  watersheds  in  the  mountainous 
regions  of  western  United  States  in  addition  to 
numerous  such  estimates  prepared  by  the  ( Jooper- 
ative  Studies  and   Hydrometeorological  Sections 

of   the    Weather    Bureau.      On    the    hasis   of   these 

data,  generalized  maps  of  storm  potential  (sec.  15) 
have  been  prepared  for  this  text  to  make  possible 

the  derivation  of  inflow  design  Hoods  for  areas 
throughout     the     United     States     by     the     hydro- 

meteorological  approach.  It  is  recognized  that 
continuing  development  of  storm  study  techniques 
will  lead  to  revision  of  storm  potential  estimates. 
A  general  study  of  storm  potential  in  western 
United  State-  i-  now  (1958)  in  progress  as  a 
cooperative  endeavor  of  the  U.S.  Weather  Bureau 
and  the  U.S.  Soil  Conservation  Service. 

(d)  Drainagi  Arm  An  accurate  map  of  the 
drainage  area  above  a  point  of  interest  is  essential 
to  any  flood  study.  This  subject  has  been  dis- 
cussed  m  Bection  37 

(e)  Soil  ninl  Cover.  The  type  of  soil  and  vege- 
tative cover  of  a  watershed  has  a  marked  influence 
upon  its  runoff  potential.  It  is  difficult  to  expn 
Boil  and  cover  types  in  numerical  values  which 
represent  the  difference  between  precipitation 
amounts  and  runoff  amounts.  If  both  precipita- 
tion and  runoff  data  are  available  for  several 
events,  practical  values  can  be  obtained  by  direct 
analysis  (sec.  46);  if  such  data  are  not   available. 


recourse     must     be     made     to     comparisons     with 

analyses  for  other  watersheds  A  method  de- 
veloped l).\  the  U.S.  Soil  Conservation  Service  for 
estimating  runoff  on  the  basis  of  soil  type  and 

COVer  is  discussed  in  section  46  and  is  presented  in 

detail  in  appendix  A 

(f)  Runoff    Distribution.     The    unitgraph    has 

proved   to  be  a   very  effective   tool  for  hydrologic 

work.     An    engineer    preparing    Hood    estimates 

should  be  familiar  with  its  basic  principles.  A 
brief  outline  of  unitgraph  derivation  and  applica- 
tion, including  a  dimensionlesa  graph  approach  for 
derivation  of  a  synthetic  unitgraph  for  ungaged 
areas,  is  given  in  sections  47,  48,  and  49.  A  con- 
cept of  representing  a  unitgraph  as  a  triangle  and 
the  relationships  that  can  be  derived  therefrom  is 
presented  in  section  50.  Interested  engineers  are 
referred  to  the  texts  listed  in  the  bibliography, 
section  55,  for  more  detailed  discussions  of  the 
unitgraph. 

39.  A  Method  of  Computing  Maximum  Probable 
Flood  Discharge.  -The  following  discussion  pertains 
in  general  to  data  contained  in  the  "Hydrology 
Guide  for  I'se  in  Watershed  Planning/'*  pub- 
lished by  the  Soil  Conservation  Service.  The 
introduction  states:     "The  Hydrology  Guide   is 

intended  for  the  use  of  Soil  Conservation  Service 
technicians  and  engineers.  It  presents  material 
needed  for  fulfilling  national  service  responsibilities 
in  the  field  of  soil  and  water  conservation.  Other 
technicians  and  engineers  may  find  portions  of  the 
Guide  useful  in  their  own  work,  but  they  should 
recognize  that  the  Guide  attempts  first  to  fill 
Service  needs  and  requirements." 

The  Soil  Conservation  Service  procedures  are 
based  on  conclusions  regarding  applicable  average 
values  obtained  from  analyses  of  many  natural 
flood  events  and  are  used  to  evaluate  runoff  for 
several  purposes  including  inflow  design  flood 
computations.  The  sequence  for  computing  an 
inflow  design  flood  as  outlined  by  the  SCS  Guide 
has  been  adopted  in  this  text,  along  with  many  of 
their  conclusions  regarding  average  applicable 
values  for  unitgraph  determinations  and  retention 
rate  estimate-  However,  the  charts  for  obtaining 
design  storm  values  (sec.  45)  were  prepared  espe- 
cially for  this  text  to  be  more  directly  applicable  to 
inflow  design  flood  determinations,  and  are  not  the 
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same  as  presented  in  the  SCS  Guide.  Also,  a 
minor  modification  of  the  SCS  method  of  esti- 
mating direct  runoff  from  design  storm  precipi- 
tation has  been  made  as  discussed  in  section  53. 

The  method  presented  herein  is  applicable  to 
watersheds  where  flow  originates  principally  as 
overland  (direct)  runoff  from  precipitation  in  the 
form  of  rain.  Those  watersheds  having  runoff- 
delaying  media  such  as  lakes,  swamps,  heavy 
forest  litter,  and  porous  top  soil  require  special 
study.  Watersheds  from  which  maximum  runoff 
will  likely  include  snowmelt  also  require  special 
study.  It  is  beyond  the  scope  of  this  text  to 
discuss  these  special  studies  in  detail. 

This  procedure  for  computing  a  maximum  prob- 
able flood  is  based  on  the  hydrometeorological 
approach  and  requires  estimates  of  storm  potential 
and  the  amount  and  distribution  of  runoff.  As  in 
all  generalized  procedures,  certain  criteria  have 
been  adopted  arbitrarily  as  applicable  to  the 
greatest  number  of  cases.  A  step-by-step  explana- 
tion of  the  procedure  and  computations  for  an 
example  are  given  in  section  53.  A  brief  descrip- 
tion of  the  procedure  follows: 

(1)  A  6-hour  point  rainfall  value  is  obtained  for 
the  geographical  location  from  an  appropriate 
chart. 

(2)  By  means  of  graphs,  this  point  rainfall  value 
is  adjusted  to  represent  6-hour  average  precipita- 
tion over  the  subject  drainage  area  and  also  ad- 
justed to  give  the  cumulative  rainfall  for  longer 
durations  up  to  48  hours. 

(3)  Charts  and  tables  are  used  to  determine  the 
time-distribution  of  the  rainfall. 

(4)  Soil  and  cover  data  are  translated  by  means 
of  tables  into  an  appropriate  runoff  curve  number 
from  which  the  runoff  volume  is  determined  for 
increments  of  time  D  in  equation  (1). 

(5)  Based  on  the  concept  of  representing  hydro- 
graphs  as  triangles,  a  triangular  hydrograph  for  1 
inch  of  runoff  (unitgraph)  from  the  subject  water- 
shed is  computed  from  the  following  relationships: 


r,=f+o.6T£ 


Tb=2.67TP 
_484AQ 


(1) 
(2) 
(3) 


where : 

Z'p=time  to  peak,  hours, 
D= rainfall  excess  period,  hours, 
77c=time  of  concentration  in  hours,  defined 
as  travel  time  of  water  from  hydrauli- 
cally  most  distant  point  in  the  water- 
shed to  the  point  of  interest, 
7^= time  length  of  base  of  hydrograph,  hours, 
qP=peak  discharge  in  second-feet, 
Q= volume  of  runoff,  in  inches,  and 
^4  =  area  of  watershed  in  square  miles. 

Development  of  the  above  equations  is  pre- 
sented on  figure  12. 

(6)  The  triangular  hydrograph  for  each  interval, 
D,  is  computed  by  direct  ratio  of  the  runoff  for 
that  interval  to  1  inch  of  runoff  and  plotted. 

(7)  The  total  runoff  hydrograph  is  obtained  by 
graphical  addition  of  the  incremental  hydrographs. 

This  procedure  might  be  termed  a  "generalized" 
unitgraph  approach.  An  engineer  using  the  above 
equations  should  take  cognizance  that  the  relation- 
ships of  time-to-peak  and  base-time  expressed  by 
the  equations  represent  average  values  for  these 
relationships  as  adopted  from  numerous  analyses 
of  natural  flood  events  made  by  Soil  Conservation 
Service  hydrologists. 

If  reliable  streamflow  hydrographs  are  available, 
analyses  can  be  made  to  determine  relationships 
expressed  by  the  above  equations  that  are  appli- 
cable to  the  subject  watershed,  and  these  should 
be  used.  For  ungaged  watersheds,  the  above  equa- 
tions should  give  usable  values  for  rain  floods  if  the 
watershed  has  no  unusual  runoff  characteristics. 
Representing  the  hydrograph  as  triangular  in- 
stead of  a  natural  curvilinear  shape  reduces  com- 
putations. The  error  in  shape  thus  introduced 
results  in  a  slightly  more  severe  hydrograph  in  that 
a  triangle  distributes  a  given  amount  of  runoff  in  a 
shorter  time  interval  than  does  a  curvilinear  hydro- 
graph.     (See  fig.  14(A).) 

40.  Inflow  Design  Flood. — As  stated  in  section 
33,  the  inflow  design  flood  is  usually  equivalent 
to  the  maximum  probable  flood,  but  in  certain 
instances,  as  discussed  in  chapter  VIII,  a  flood  of 
smaller  magnitude  than  the  maximum  probable 
may  be  selected  for  use  as  an  inflow  design  flood. 
Floods  smaller  than  the  maximum  probable  can 
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be  computed  bj  using  design  precipitation  values 
less  limn  the  probable  maximum  without  changing 
runoff  factors,  or  l>\  using  Lesser  design  precipita- 
tion values  in  conjunction  with  van  ing  degrees  of 
runoff  potential  as  determined  from  antecedent 
moisture  supply.  Procedures  for  computing  floods 
less  than  the  maximum  probable  are  presented  in 
iecl  ion  53 

Before  11  decision  is  made  as  to  the  exact  magni- 
tude of  the  inflow  flood  to  be  adopted  for  design, 
u  comparison  should  be  made  between  computed 
synthetic  values  and  records  of  Hoods  that  have 
occurred  in  the  general  area  of  interest.  A 
method  of  making  such  comparisons  is  discussed 

in  t  he  following  sect  ion. 

41.  Envelope  Curves.     Peak  discharge  envelope 

Curves   and    Hood    volume   envelope   curves   can    he 

prepared  by  drawing  curves  enveloping  plotted 
points  representing  maximum  recorded  values  for 
\  arious  drainage  areas.  The  values  plotted  should 
represent  similar  type  Hoods  (rain  Hoods  or  snow- 
nieli  floods)  that  have  occurred  within  the  broad 
geographical  subdivision  within  which  the  subject 

watershed  lies,  and  should  not  be  limited  to  events 
of  a  single  small  river  system.  Preparation  of 
envelope  curves  for  a  general  area  provides  an 
engineer  with  valuable  information  on  past  Hood 
history  and  an  indication  of  the  flood  of  record 
Comparable  to  the  subject  area.  However,  they 
should  not  be  relied  upon  as  a  means  of  estimating 
maximum  probable  flood  values.  Design  Hood 
values  purporting  to  be  the  maximum  probable 
should  be  higher  than  those  obtained  from  en- 
velope curves.  Only  in  specific  instances  where 
a  watershed  has  definitely  lower  flood  potential 
than  neighboring  watersheds  due  to  soil  type, 
Burface  Btorage,  etc.,  would  it  be  good  judgment 
to  adopt  an  inflow  design  flood  of  smaller  magni- 
tude than  that  of  a  Hood  which  has  occurred 
nearby. 

A  simple  method  of  preparation  of  envelope 
curves  is  to  tabulate  maximum  peak  discharges 

(or  volumes  of  a  selected  duration)  and  respective 

drainage  areas  prior  to  plotting  points.     In  most 

instances,  the  drainage  area  above  a  stream  gaging 

Btation  or  the  point  of  a  large  flood  discharge 
measurement  i>  given  in  tin-  United  States  Geo- 
logical Survey  water  Supply  paper  list  ing  the  flood. 
When  it  is  known  that  only  a  portion  of  the  drain- 
age area  above  a  point  of  measurement  contributes 


to  a  flood,  the  si/.e  of  that  contributing  portion 
should  be  used  in  the  envelope  curve  analysis. 
Discharges  or  volumes  are  plotted  versus  respec- 
tive drainage  areas   using  log-log  paper.     Dai  a 

thus  plotted  usually  indicate  a  curved  line  eii- 
velopmenl  on  log-log  paper  which  maj  be  ap- 
proximated by  a  straight  line  for  Bmall  ranges  iii 
areas.  High  discharges  from  local  I  hunderstorins 
may  BUggest  consideration  of  two  curves  one  for 
smaller  areas  subject  to  such  occurrences  ami  an- 
other for  larger  areas  where  maximum  dischar 
originate  from  general  storms. 

42.    Estimates     of     Frequency     of     Occurrence     of 

Floods.  Estimates  of  the  magnitude  of  floods 
which  have  frequencies  of  I  in  ").  I  in  1(1.  or  I  in  25 
years  are  helpful  iii  estimating  requirements  for 

stream     diversion     during     construction.      Tl 
floods  are  normally  termed  the  "5-,  10-,  or  25-year 

flood."  The  magnitude  of  more  rare  events  such 
as  the  50-  or  100-year  Hood  may  he  required  for 
reasons  such  as  to  establish  sill  location  of  emer- 
gency spillways,  to  design  diversion  dam-,  etc. 
The  usual  term  of  expression,  "./-year  flood." 
should  not  lead  to  the  wrong  conclusion  that  the 
event  indicated  can  happen  only  once  in  x  years, 
and  having  occurred,  will  not  happen  again  for 
another  period  of  x  years.  It  does  mean  that  over 
a  long  span  of  years  we  can  expect  a-  many  r-year 
floods  (or  larger)  as  there  are  ./--year-long  periods 
within  that  span.  Floods  occur  randomly  and 
may  be  bunched  or  spread  out  unevenly  with 
respect  to  time.  Xo  predictions  are  possible  for 
determining  their  distribution:  the  maximum 
probable  flood  can  occur  the  first  year  after  the 
project  is  built,  though  of  course,  the  odd-  are 
heavily  against  it . 

The  frequency  of  a  flood  should  be  considered 
as  the  chance-  of  occurrence  of  a  flood  of  that  si/.e 
(or  one  larger)  in  any  one  year.  Stated  another 
way,  the  chances  of  the  flood  in  any  one  year  being 
equaled  or  exceeded  by  floods  of  the  magnitudes 
indicated  as  the  .">-.  III-.  •_'.">-.  or  100-year  floods 
have  ratios  of  20:100,  10:100.  4:100.  and  1:100. 
respectively. 

Many  methods  of  Hood  frequency  determina- 
tions based  on  streainflow  data  have  been 
published.  An  excellent  summary  <  f  these 
methods  along  with  comments  on  factors  affecting 
their  accuracv   and   limitations   is  contained    in   a 
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paper    entitled     "Review    of    Flood    Frequency 
Methods."5 

If  streamflow  data  for  a  period  of  20  years  or 
more  are  available  for  the  subject  watershed  or 
comparable  watersheds,  frequency  curve  com- 
putations 3*ield  acceptable  results  for  estimates  up 
to  the  25-year  flood  and  may  be  extrapolated  to 
indicate  the  100-year  flood  with  fair  assurance  of 
obtaining  acceptable  values.  Hazen's  Method 
(see  bibliography,  sec.  55)  is  suggested  for  utilizing 
streamflow  data  to  obtain  frequency  values.  A 
procedural  outline  for  such  computations  is 
presented  in  section  54.  The  hydrograph  of  a 
particular  frequency  flood  is  usually  sketched  to 
conventional  shape  using  the  peak  discharge  value 
and  corresponding  volume  value  obtained  from 
computed  frequency  curves.  In  some  instances, 
a  peak  discharge  and  associated  volume  of  a 
recorded  flood  will  correspond  closely  with  a  par- 
ticular frequency  value,  in  which  case  the  recorded 
flood  hydrograph  is  used. 

For  watersheds  where  runoff  originates  from 
rainfall  and  for  which  streamflow  data  are  not 
available  (usually  small  watersheds),  an  indication 
of  flood  frequencies  can  be  obtained  by  estimating 
probable  runoff  from  precipitation  data  of  the 
desired  frequency.  Probable  rainfall  intensities 
for  short  durations  can  be  obtained  from  U.S. 
Weather  Bureau  publications  (see  bibliography, 
sec.  55),  or  in  some  instances  by  direct  frequency 
analyses  of  records  at  nearby  precipitation  sta- 
tions. These  data  provide  means  of  obtaining 
probable  "x-ye&r"  precipitation  values  for  various 
time  durations.  A  storm  duration  time  is  as- 
sumed equal  to  that  of  the  time  of  concentration, 
Tc,  estimated  for  the  watershed.  Triangular 
hydrographs  representing  the  desired  frequency 
flood  are  computed  by  the  procedure  presented  in 
section  53.  The  uncertainties  inherent  in  esti- 
mating the  amount  of  runoff  which  will  result  from 
a  given  amount  of  rainfall  make  the  results  of  this 
procedure  less  reliable  than  that  of  using  stream- 
flow  data  where  such  data  are  available. 

43.  Special  Cases. — The  discussions  in  this  chap- 
ter have  dealt  primarily  with  floodflows  resulting 


■  "Review  of  Flood  Frequency  Methods,"  Final  Report  of  the  Suhcom- 
mittee  of  the  Joint  Division  Committee  on  Floods,  Trans.  ASCE,  vol.  118 
1953,  pp.  1220-1231. 


from  runoff  from  rain  falling  on  an  unfrozen  water- 
shed. There  are  areas  within  the  United  States 
where  large  floods  have  originated  from  rapid 
snowmelt  on  a  frozen  watershed  or  from  a  combi- 
nation of  rain  falling  on  a  snow  cover  over  a 
frozen  watershed.  The  eastern  and  western 
coastal  regions  of  the  United  States  are  subject  to 
floods  caused  by  rain  falling  on  a  snow  cover  over 
watersheds  having  usually  unfrozen  soil.  These 
types  of  events  require  special  study  to  ascertain 
the  amount  of  water  that  becomes  available  for 
runoff.  Once  that  is  determined,  distribution  of 
the  runoff  by  a  unitgraph  usually  is  feasible. 
Although  such  special  cases  may  be  rare  within  an 
area  of  interest,  they  may  represent  the  maximum 
probable  flood-producing  conditions. 

Instances  in  which  snowmelt  runoff  provides  the 
major  portion  of  a  maximum  probable  flood 
usually  involve  major  streams  and  large  drainage 
areas.  Design  of  structures  for  such  is  beyond  the 
scope  of  this  text.  However,  problems  may  arise 
concerning  small  mountainous  watersheds  where 
snowmelt  runoff  is  a  dominant  characteristic.  In 
these  areas,  the  flow  in  the  stream  due  to  snowmelt 
runoff  may  be  large  and  should  be  added  to  the 
computed  rain  flood.  Also,  when  estimating  run- 
off from  rainfall  in  such  aieas,  it  should  be  recog- 
nizes that  part  of  the  watershed  will  be  covered  by 
melting  snow  which  is  satisfying  retention  losses 
under  the  snow-covered  area.  The  runoff  from 
rain  falling  on  the  snow-covered  area  may  be  equal 
to  the  rainfall.  Therefore,  the  overall  retention 
loss  for  rainfall  on  a  partially  snow-covered  water- 
shed during  the  melting  season  will  be  less  than 
that  for  the  same  watershed  when  bare  of  snow. 

It  should  be  kept  in  mind  that,  although  a  usual 
sequence  of  events  may  produce  floods,  it  is 
generally  the  unusual  event  or  series  of  events 
that  produce  the  great  floods.  The  occurrence  of 
two  hurricane  storms  a  few  days  apart  following 
the  same  path  over  a  large  area  in  the  northeastern 
States  in  August  of  1955  is  a  prime  example. 
Hasty  conclusions  as  to  flood  potential  should  not 
be  made  on  the  basis  of  a  long  period  of  streamflow 
record.  For  example,  although  the  recorded 
maximum  peak  discharge  on  the  Trinity  River  at 
Lewiston,  Calif.,  was  40,300  second-feet  for  the 
years  1911  through  1954,  a  discharge  of  71,600 
second-feet  occurred  on  December  22,  1955. 
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B.     PROCEDURES 

44.  Introduction.  The  selection  of  an  appro-  bilities.  These  maximum  values  differ  through- 
priate  inflovt  design  flood  is  an  essential  pari  of  out  the  United  States  land  the  world).  Knowl- 
the  engineering  studies  for  a  project.  The  words  edge  of  such  limits,  and  the  resulting  probable 
"selection"  and  "appropriate"  are  used  advisedlj  maximum  precipitation,  provides  the  hydrologisl 
because  a  considerable  amount  of  engineering  with  a  good  Btarting  point  for  liis  estimate  of 
judgment  must  be  exercised  in  any  hydrologic  a  maximum  probable  Hood  as  well  as  for  floods 
>tnd\  of  flood  potential.  It  might  l>e  presumed  less  than  the  maximum  probable.  The  precipita- 
that  the  problems  of  determining  an  inflow  design  tion  values  adopted  for  computing  the  selected 
flood  would  decrease  in  direct  ratio  to  the  size  of  inflow  design  flood  are  usually  referred  to  as  design 

the  drainage  areas  involved  and   that   such   proh-  storm  values. 

lems  for  drainage  areas  above  small  dams  could  be  (1>)  Definitions.     For  the  purposes  of  this  text. 

resolved  quite  easily.     Such  is  not  the  case.     In  the  following  terminology  is  used: 

many  instances,  the  hydrologic  problems  for  small  (l)  ProbabU  maximum  precipitation.     Probable 

drainage  areas  are  less  easily  resolved  than  those  maximum  precipitation  values  represent  an  en- 
fur  large  areas  because  relevant  data  for  small  velopment  of  maximized  intensit y-dnrat  ion  values 
natural    watersheds   are  extremely   meager.  obtained  from  all  types  of  storms.      [t  is  recognized 

It  is  believed  that  those  using  the  material  in  that  probable  maximum  precipitation  values  for- 
tius t  ex  i  most  often  will  he  concerned  with  projects  all  durations  and  for  all  areas  will  not  occur  (nun 
for  which  little  direct  hydrologic  data  are  available.  any  one  type  of  storm.  For  example,  a  maxi- 
Therefore,  material  and  procedures  presented  mized  thunderstorm  is  very  likely  to  provide 
herein  have  hecn  selected  with  a  view  to  assisting  probable  maximum  precipitation  over  an  area  of 
in  solution  of  flood  estimating  problems  for  such  •"><)  square  miles  for  a  duration  of  (>  hours  or  less, 
projects  However,  all  available  recorded  stream-  hut  the  controlling  values  for  longer  durations  or 
How  and  precipitation  data  should  he  utilized  to  for  larger  areas  will  almost  invariably  be  obtained 
the  fullest  extent  possible,  and  outlines  for  methods  from  general  storms 

of  analyzing  these  data  are  included  in  this  text.  (2)  Probabh    maximum    storm.     The    probable 

Discussions    of    procedural    developments    have  maximum  storm  values  represent  an  envelopment 

hecn   omitted   or  condensed,   hut    the  engineer  so  of  maximized   intensity-duration   values  obtained 

interested  may  obtain  them  from  references  cited  from   one   type  of  storm   only.      For   this   storm, 

in    the   bibliography,    section    /if).      Discussions  of  consideration  is  given  to  season,  storm   type,  and 

the  following  subjects  are  presented:  variation  of  precipitation   with   respect    to   both 

Sul.j.  s(clion  time  and  location. 

Estimating  storm  potential 15  (c)   Probable  Maximum  Storm  Considerations. 

Estimating  runoff  from  rainfall 46  Estimates  of  probable  maximum  storms  are  based 

Unitgraph  principles  47  „„  an!1lVS(,s  w|,j(.|,  rOMsist   of  three  steps:  (1)    De- 

Hydrograpb  analysis 48  .   •        .,  ,         ,   ..  ,-        ,     ,  ,   ., 

,-■,,.,.,.,.       ,  ,  ...  terminmg  the  area    and   tune  distribution  of  the 

Unitgraph   derivation   for  ungaged   areas 4!)  B 

Triangular  hydrograph  analysis       50  larger  storms  of  record   in    the  general   area:     J 

Estimating  time  of  concentration 51  maximizing  these  observed  storms  by   increasing 

Application  of  triangular  hydrographs 52  (heir  values  to  their  physical  upper  limit  as  deter- 

imating  inflow  design  flood  53  nun(.(|    fmm    „    consideration    of    their    observed 

Frequency  curve  computations         54  .         ,     .  ,  ,     ,, 

moisture  content  in  relation  to  the  probable  maxi- 

45.  Estimating  Storm  Potential.  (i\)  (triiiral.  An  mum  moisture  content  that  could  be  associated 
estimate  of  storm  potential  is  an  integral  part  of  wit  h  a  similar  storm  condition  :  and  (3)  considering 
the  hydrometeorological  approach  to  computation  transposition  of  these  storms.  The  results  of  the 
of  inflow  design  Hoods.  The  term  "storm  poten-  first  step  will  indicate  which  storms  arc  best  suited 
•i'1'  is  all  inclusive,  embracing  factors  such  a-  for  further  analysis  and  can  also  be  used  in  the 
rainfall     intensity,     duration     and     areal     extent.  hydrograph    analyses    to   estimate   average   reten- 

Meteorologists   arc   able   to   establish   maximum  tion  Loss  rates  and  hydrograph  lag  times 

values  for  these  factors  which,  judged  by  present  In  the  second  step,  the  relation  between  tnaxi- 

know  ledge,  appear  to  be  the  limit  of  nature's  capa-  mum  moisture  potential  and  the  moisture  charge 
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of  the  inflowing  airmass  is  considered.  Other 
factors  that  are  effective  in  determining  the  effi- 
ciency of  a  storm  in  converting  atmospheric  mois- 
ture into  precipitation  have  not  been  defined  suffi- 
ciently at  the  present  time  to  enable  their  use  for 
making  estimates  of  storm  efficiency. 

Storm  transposition  considered  in  the  third  step 
is  based  on  the  assumption  that  the  location  of  a 
particular  storm  depended  upon  meteorological 
factors  that  could  just  as  easily  occur  over  other 
locations  within  given  regions.  Transposition  is 
limited  to  regions  subject  to  similar  types  of 
storms  and  not  separated  by  major  orographic 
features.  Because  the  period  of  record  for  any 
particular  drainage  basin  is  generally  quite  short, 
the  transposition  of  other  storms  within  the  same 
homogeneous  meteorological  and  orographic  area 
has  the  advantage  of  combining  regional  experience 
of  a  large  number  of  storms. 

(d)  Generalized  Precipitation  Charts. — An  engi- 
neer encountering  a  design  flood  estimating  prob- 
lem needs  information  regarding  storm  potential. 
Since  such  information  pertains  to  magnitudes  of 
storms  which  could  occur  from  a  more  severe  com- 
bination of  meteorological  events  than  has  yet 
been  observed,  the  engineer  cannot  make  his  esti- 
mate directly  from  recorded  storm  data.  It  is  im- 
possible to  show  all  the  refinements  and  variations 
that  can  influence  the  magnitude  of  design  storm 
values  for  all  individual  locations  within  the  United 
States  on  a  generalized  chart.  However,  broad 
areas  do  have  like  storm  potential.  Generalized 
charts  have  been  prepared  for  this  text  to  provide 
one  means  of  rapidly  determining  design  storm 
values  for  any  specific  area.  The  design  storm 
values  obtained  from  the  generalized  charts  repre- 
sent a  reasonable  upper  limit  and  in  most  cases 
will  exceed  the  values  obtained  for  a  specific  water- 
shed by  a  detailed  hydrometeorological  study.  If 
such  a  study  is  desired  because  of  the  importance 
or  size  of  the  project,  the  services  of  a  consulting 
hydrometeorologist  should  be  secured. 

Two  generalized  charts,  one  for  the  United 
States  east  of  the  105°  meridian  and  one  for  the 
United  States  west  of  the  105°  meridian  are  given. 
Figure  1  shows  probable  maximum  6-hour  precipi- 
tation values  for  10-square-mile  areas  of  the  United 
States  east  of  the  105°  meridian.  This  chart  is 
based  on  one  presented  in  Hydrometeorological 
Report  No.  33,  prepared  by  the  Hydrometeoro- 
logical   Section    of    the    U.S.     Weather     Bureau 


in  collaboration  with  the  U.S.  Corps  of 
Engineers  (see  bibliography,  sec.  55).  These 
6-hour  values  for  10-square-mile  areas  can  be 
modified  for  durations  in  excess  of  6  hours  and  for 
larger  areas  up  to  1,000  square  miles  by  use  of 
figure  2  (two  sheets).  Because  of  the  unlikelihood 
of  a  perfect  strike  of  a  storm  center  on  any  partic- 
ular small  basin,  no  variation  is  assumed  between 
point  and  10-square-mile  precipitation.  For  dura- 
tions shorter  than  6  hours,  the  time  distribution  of 
precipitation  can  be  obtained  from  curve  C,  figure 
4.  The  values  obtained  from  use  of  these  charts 
represent  probable  maximum  precipitation. 

Figure  3  shows  probable  maximum  6-hour  point 
storm  values  for  areas  of  the  United  States  west  of 
the  105°  meridian.  This  chart  is  based  on  the 
results  of  approximately  200  design  storm  analyses 
prepared  by  the  Bureau  of  Reclamation  for  specific 
drainage  basins  west  of  the  105°  meridian  as  well 
as  consideration  of  numerous  design  storm  analy- 
ses made  by  the  Cooperative  Studies  and  Hydro- 
meteorological Sections  of  the  Weather  Bureau. 
The  variable  topography  of  this  part  of  the  United 
States  greatly  influences  the  storm  potential  and 
permits  only  limited  transposition  of  storms. 
These  point  storm  values  can  be  applied  to  areas 
up  to  1,000  square  miles  by  use  of  the  curve  pre- 
sented on  figure  5.  The  6-hour  storm  values  can 
be  extended  for  longer  duration  periods  by  multi- 
plying the  6-hour  value  by  the  appropriate  factors 
shown  in  table  1. 

Table  1. — Constants  for  extending  6-hour  design  storms  in 
areas  west  of  105°  meridian  to  longer  duration  periods 

Duration  (hours)  constant' 

8 1.  16 

10 1.31 

12 1.  43 

14 1.  50 

16 1.  56 

18 1.  62 

20 1.  68 

22 1.  74 

24 1.  80 

30 1.  95 

36 2.  10 

42 2.  25 

48 2.  38 

•Multiply  0-hour  point  rainfall  from  fig.  3  by  indicated  constant. 

For  durations  shorter  than  6  hours,  the  time  distri- 
bution of  storm  values  can  be  obtained  from  the 
curves   presented  on   figure  4.     Values   obtained 


FLOOD  STUDIES 


29 


Note  No  vonotion   i  oitumed 
between  romfoii  for  to 
IQuOre  milei  ond  point 
roinfoll 


Figure  1.      Probable  maximum  precipitation  east  of  the  105D  meridian  for  an  area  of  10  square  miles  and  6  hours'  duration. 


from  these  charts  for  the  area  west  of  the  105° 
meridian  represent  probable  maximum  storms. 

Some  dam-  are  located  in  areas  where  their 
failure  would  not  resull  in  loss  of  life  or  extensive 
property  damage.  In  such  instances,  the  high 
COSl  of  spillway  construction  may  not  warrant  use 
of  probable  maximum  precipitation  in  determina- 
tion of  the  inflow  design  Hood.  Charts  have  been 
prepared  indicating  appropriate  reduction  factors 

to  he  applied  to  the  probable  maximum  6-hour 
values  for  determination  of  a  design  storm  for  use 
in  a  low  hazard  area  Appropriate  reduction  fac- 
tors for  areas  cast  and  west  of  the    105°   meridian 


are  presented  on  figures  6  and  7.  respectively.  To 
obtain  design  Btorm  values  by  use  of  these  chart-. 
the  probable  maximum  precipitation  or  probable 
maximum  storm  value  obtained  from  figure  l  or  3 

is  divided  by  the  reduction  factor  for  the  appli- 
cable area. 

I  )esign  storm  values  obtained  from  figures  l  and 
:{  show   considerable  difference  at   their  common 

DOUndar}    along    the    Kt.">°   meridian       This  is  due 

to  the  techniques  used  in  determining  the  values 

Bhown  on  the  charts.  The  values  shown  on  figure 
I  for  the  eastern  United  State-  are  probable  maxi- 
mum precipitation  based  on  envelopment  of  many 
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Figure  2.     Depth-area-duralion  relationships.      Percenta3e  to  be  applied  to  10  square  miles,  6-hour  probable  maximum 

precipitation  values. 
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Figure  3.      Probable  maximum  6-hour  point  storm  values  west  of  the  105      meridian. 


32 


DESIGN  OF  SMALL  DAMS 


,-- 

<* 

^ 

^ 

p^ 

^ 

zc 

NE&*. 

ZONE 

C/"' 

^ZOn 

E  A 

ZONE  C  is  also  considered 
opplicaDle  to  the  oreo  east 

of  t 

e  105 

Men< 

ion 

See  f 
inclu 

gure  3  for  oreo 
ded  within  eoch  zone 

TIME  IN  HOURS 


Figure  4.     Distribution  of  6-hour  rainfall  for  area  west  of  105° 
meridian. 

types  of  storms;  whereas  the  values  shown  on 
figure  3  for  the  western  United  States  are  based  on 
studies  of  probable  maximum  storms.  Data  have 
not  been  compiled  for  presentation  of  probable 
maximum  storm  values  tor  areas  of  the  United 
States  east  of  the  105°  meridian. 

46.   Estimating    Runoff   From    Rainfall.— (a)     Gen- 
eral.— The  hydrometeorological  approach  to  ana- 


lyzing flood  events  and  predicting  the  magnitude 
of  floods  requires  a  firm  estimate  of  the  difference 
between  precipitation  and  resulting  runoff.  From 
a  flood  determination  point  of  view,  this  difference 
is  considered  loss,  i.e.,  loss  from  the  precipitation 
falling  over  a  given  watershed.  A  simple  solution 
to  derive  this  loss  value  appears  to  lie  in  finding  the 
rate  at  which  water  will  infiltrate  into  the  soil.  If 
this  infiltration  rate  is  known,  along  with  the 
amount  of"  precipitation,  a  simple  subtraction 
should  give  the  amount  of  runoff.  However,  there 
are  other  precipitation  losses  in  addition  to  infil- 
tration such  as  interception  by  vegetative  cover, 
surface  storage,  and  evaporation,  that  may  have 
material  effect  on  runoff  amounts. 

Various  types  of  apparatus  have  been  devised 
to  test  the  infiltration  rates  of  soils,  and  studies 
have  been  made  of  interception  and  evaporation 
losses.  Although  maps  to  an  extremely  large 
scale  could  define  most  of  the  surface  storage 
area,  it  is  apparent  that  an  accurate  volumetric 
evaluation  of  all  the  loss  factors  can  be  made 
only  for  a  highly  instrumented,  small  plot  of 
ground  and  that  such  an  evaluation  is  not  practical 
for  a  natural  watershed  composed  of  many  square 
miles  of  varying  type  soils,  vegetative  cover,  and 
terrain  features.  For  this  reason,  hydrologic  liter- 
ature contains  many  arguments  against  the  "in- 
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Figure  5.     Conversion  ratio  from  6-hour  point  rainfall  lo  6-hour  area  rainfall  for  area  west  of  105°  meridian. 
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Not*  Divid*  proDoDit  monmum 
prectpltotion  by  indicated  numb* 


Figure  6.      Ratio  for  determining  rainfall  applicable  for  computing  inflow  design  flood  less  than  maximum  probable  for  orea  east  of 

105°  meridian. 


filtration  rate  approach"  to  determination  of  run- 
oil'  amounts.  However,  the  infiltration  rate  ap- 
proach is  applied  on  an  empirical  basis  bo  obtain 
a  practical  solution  to  the  problem  of  determining 
amounts  of  runoff,  recognizing  that  the  values 
used  arc  of  the  nature  of  "index"  values  rather 
than  "true"  values.  Natural  events  are  studied 
and  the  difference  between  rainfall  and  runoff 
determined.  Sinee  this  difference  includes  all 
the  losses  described  above,  it  is  usually  called  a  re- 
tention loss  or  a  retention  rate.  Such  retention 
rates  derived   from  available   record-   mav   be  ad- 


justed to  ungaged  watersheds  by  analogy  of  sod 
type  and  cover. 

An  engineer  making  studies  to  compare  rainfall 
with  runoff  must  become  familiar  with  the  units 
of  measurement  used  and  the  factors  for  conver- 
sion to  common  units.  These  conversion  factors 
are  given  in  appendix  B.  In  the  I "nited  Mate- 
precipitation  is  measured  in  inches  and  runoff  is 
measured  in  cubic  feel  per  second  (also  referred 

to   as   second-feet    or  see. -ft.  I.       It    is    necessary    to 
know   the  watershed   area  contributing  the  runoff 

at  a  L'lven  nica>uriiiLr  point  in  order  to  express  the 
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Note  :  Divide  proboble  moximu 
storm  volues  by  indicoted  nu 


Figure  7.      Ratio  for  determining  rainfall  applicable  for 


computing  inflow  design  flood  less  than  maximum  probable  for  area  west  of 
105     meridian. 
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runoff  volume  in  inches  of  depth  over  the  water- 
shed for  comparison  with  precipitation  amounts. 
When  making  Buch  comparisons,  t  fi<-  amounl  <>f 
runoff,  expressed  as  inches,  is  termed  rainfall 
excess,  and  the  difference  between  the  rainfall 
excess  and  the  total  precipitation  is  considered 
retention  I" 

The  discussion  which  follows  describes  a  method 
of  making  a  rainfall-runoff  analysis  The  objec- 
tives of  Buch  analyses  are:  <  1  >  The  determination 
of  a  retention  rate,  and  (2)  the  determination  of 
the  duration  time  interval  of  rainfall  exce 
\  comparison  of  retention  rales  derived  from 
several  analyses  leads  to  adoption  of  a  rate  for 
design  flood  computations.  The  determination 
of  the  duration  of  excess  rainfall   is  necessary  for 

the  hydrograph  analyses  computations  involving 

determinations  of  unitgraphs  and  lag  times,  which 
are  discussed  in  sections  -IS,  4<)  .">(),  and  52.  In  all 
such  analyses,  the  runoff  volume  which  is  com- 
pared with  precipitation  amounts  is  that  which 
relates  directly  to  the  rainfall  under  study.  There- 
fore, the  base  flow  of  the  Btreamflow  hydrograph 
must  be  subtracted  out  before  comparisons  are 
made  (see  sei-    48). 

(hi  Analysis  of  Observed  Rainfall  Data. 

(1)  Mass  curves  of  rainfall.  -Mass  curves  of 
cumulative  rainfall  during  the  storm  period  should 
be  plotted  for  all  precipitation  stations  in  and 
near  the  hasin  as  shown  on  fi<rure  8(A).  To  show 
clearly  the  relation  of  rainfall  to  runoff,  it  is  some- 
times desirable  to  plot  the  mass  curves  to  the  same 
time  scale  as  the  discharge  hydrograph  of  storm 
runoff.  Usually,  however,  the  curves  should  he 
given  a  more  expanded  time  scale  that)  it  is  de- 
sirable to  use  for  the  hydrograph  analysis.      When 

only  one  recording  station  i-  located  nearby,  and 

in  the  absence  of  better  information,  the  mass 
curve  of  precipitation  at  a  nonrecording  station  is 
usually  considered  to  be  proportional  in  shape  to 
that  of  the  recording  station,  except  as  otherwise 
defined  by  the  observer's  readings  and  notes 
(fitf.  8(A)).  The  speed  and  direction  of  travel 
of  the  rainburst  should  be  taken  into  account. 
Many  rainfall  observers  enter  the  times  of  be- 
ginning and  ending  on  the  same  line  as  the  current 
daily    reading.      The    notes    may    therefore    refer 

to  the  previous  day,  especially  when  the  gage  is 
regularly  read  in  the  morning. 


(2)  Isohyetal  maps.  The  total  amounts  of  rain- 
fall occurring  during  the  portion  of  the  storm  that 

produced  the  11 1  hydrograph  under  stud}  Bhould 

be  determined  from  the  mass  curves  for  each  sta- 
tion in  and  near  the  drainage  area.  For  a  Qood 
hydrograph  consisting  of  a  single  event,  this  will 

be     the     total     depth     of    precipit  at  ion     occurring 

during  the  storm  period.  For  a  compound  h\ dro- 
graph,  in  which  individual  portions  of  the  hydro- 
graph are  studied  separately,  temporary  cessal  i"ii> 
of  rainfall  will  usually  be  indicated  in  tin-  n, 
curves,  and  from  inspection  it  usually  will  be 
apparent  which  of  the  increments  of  rainfall  caused 
the  runoff  event  under  study.  The  appropriate 
depths  of  rainfall  are  then  used  to  draw  an  isohyetal 
map,  using  standard  procedures  A  typical 
isohyetal  map  is  shown  in  figure  8(B). 

Extreme  caution  should  be  used  in  drawing  the 
isohyetal  pattern  in  mountainous  areas  where  the 
Orographic  effect  isan  important  factor  in  theareal 
distribution  of  rainfall.  For  example,  if  there  is  a 
precipitation  station  in  a  valley  on  one  side  of  a 
mountain  range  and  another  station  in  a  valley 
on  the  opposite  side  of  the  range  with  no  inter- 
vening  station,  it  cannot  be  assumed  that  the 
rainfall  during  a  storm  would  vary  linearly  between 
the  two  stations.  It  is  likely  that  the  rainfall 
would  increase  with  increases  in  elevation  on  the 
windward  side  of  the  divide,  whereas  on  the  lee- 
ward side,  precipitation  would  decrease  rapidly 
with  distance  from  the  divide.  This  type  of 
distribution  can  usually  be  verified  in  mountainous 
areas  where  there  are  sufficient  precipitation 
stations  to  define  the  isohyetal  pattern  accurately. 

After  the  preliminary  hydrographs  and  the 
isohyetal  maps  have  been  drawn,  the  atypical 
flood  events  for  unit  hydrographs  determination 
may  readily  be  eliminated.  ThoSi  floods  having  a 
combination  >>f  large  volume,  uniform  intensities, 
isolated  j>triinh  oj  rainfall,  ami  uniform  areal 
distribution  of  rainfall,  should  be  chosen  for  further 

stui/;/. 

(.'*)  Areraije  rainfall  by  Thiesaen  polygons.  The 
average  rainfall  on  a  drainage  area  can  be  deter- 
mined   from    precipitation   station    records   by    the 

Tbiessen  polygon  method  A  -ample  computa- 
tion of  average  hourly  rainfall  from  the  mass 
curves    in    figUtt     8    \        Using    Thiessen    polygons 

indicated  m  figure  B(B),  is  given  in  tablt 
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A .  recording   rain  gage 

B,C,D,  nonrecording   gages  measured  doily  al  6  p.m. 

Observer's  notes: 

B.  Apr.  16.    began   9  p.m. 

17.     ended    9.30  a.m. 
began    1 1  a.  m. 
ended    I  p.m 
measured  6p.m.,  5.56  inches 

C.  Apr.    16.    began    10  p.m. 

17.    measured  8  a.m.,  3.40  inches 
ended    1.30  p.m. 
measured   6  p.m.,  4.06  inches  (daily  total) 

D.  Apr.    16.    began    II  p.m. 

17.     meosured   6  p  m.,  2.06  inches 


9p.m.  Mdnt 

APRIL  16 


3am. 


6  a.m. 


9a. m  ISn. 

APRIL   17 


3  p.m. 


(A)    MASS   CURVES    OF   RAINFALL 


LEGEND 

•       RAIN    SAX 
A        0A0IN0   STATION 
DPAINACE   BOUNDARY 


StO.  G»    J'N 


4  7jj  Sta  H 


(B)    ISOHYETS    AND   THIESSEN    POLYGONS 


Figure  8.      Analysis  of  observed  rainfall  data. 
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T  mii  I  '_'       Computation  Of  rainfall  merer 
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The   first    step   is   to   construct    the   Thiessen 

polygons,    which    lire    the    areas    hounded    by    the 

perpendicular  bisectors  of  lines  joining  adjacenl 

precipitation  station-.  The  percentage  of  the 
drainage  ana  controlled  by  each  station's  pologOD 
is  planimetered  and  entered  in  table  2.  Next,  the 
average  depth  of  rainfall  over  each  station's 
polygon  is  determined  by  planimetering  areas  be- 
tween isohyets  on  figure  8(B).  A  factor  to  he 
used  mi  weighing  station  rainfall  values  is  obtained 
by   multiplying  the   percentage  of  the  drainage 

area  controlled  hy  each  station's  polygon  hy  the 
ratio  of  the  average  depth  of  rainfall  over  each 
station's  polygon  to  the  observed  rainfall  at  the 
station  and  dividing  by  100. 

Hourly  incremental  rainfall  values  are  deter- 
mined for  each  precipitation  station  from  the  mass 
curves  of  figure   8(A)    and   are   multiplied   hy    the 

appropriate  weighl  factors  as  shown  in  table  2,  to 
obtain  the  total  for  the  drainage  area. 
Additional  information  on  determining  average 
184006  o    ••■"    — o 


rainfall  is  given  in  "Cooperative  Studies  Technical 
Paper  No.  1,"  published  by  U.S.  Weather  Bureau. 
(4)  Determination  of  rainfall  excess.  Two  meth- 
ods may  he  used  to  determine  rainfall  excess:  By 
BJMinning  a  constant  average  retention  rate 
throughout  the  storm  period,  and  by  assuming 
a  retention  rate  varying  with  time.  The  capacity 
rate  of  retention  decreases  progressively  through- 
out the  storm  period  until  a  constant  minimum 
rate  is  reached  if  the  ram  is  sufficiently  prolonged. 
With  dry  antecedent  conditions,  the  initial  ca- 
pacity rate  will  lie  greater  and  will  decline  faster. 
Because  the  use  of  a  varying  retention  rate  requires 
a  complicated  method  of  computation,  and  he- 
cause  present  knowledge  of  the  exact  >hiipe  of  the 
infiltration  curve  is  rather  limited,  it  i-  often 
preferable  to  assume  an  average  retention  rate 
sometimes  referred  to  as  infiltration  index)  with 
an  estimate  of  initial  loss  being  made  if  antecedent 
conditions  arc  relatively  thy. 

The  method  of  determining  the  period  of  ram- 
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fall  excess,  when  an  average  retention  rate  is  used, 
is  a  trial-and-error  process  in  which  a  retention 
rate  is  assumed  and  subtracted  from  hourly  rain- 
fall increments  determined  as  the  average  over  the 
basin.  Various  retention  rates  are  assumed  until 
the  total  of  the  computed  rainfall  excess  equals 
the  measured  storm  runoff.  An  example  of  this 
procedure  is  given  in  table  3.  If  the  correct  re- 
tention rate  has  not  been  assumed  after  two  trials, 
a  rainfall  excess-retention  curve  will  facilitate  the 
solution.  In  the  example  of  table  3,  the  curve 
could  be  drawn  through  the  two  points  represented 
by  the  coordinates  0.25,  1.37,  and  0.15,  2.15.  The 
correct  retention  rate  corresponding  to  a  rainfall 
excess  of  2.0  inches  would  then  be  taken  from  this 
curve. 


Table  3.- 

—Computation  of  rainfall  excess 
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.02 

16 

17 

.25 

.15 

.17 

Total     .. 

4.  14 

1.37 

2.15 

1.96 

Total  rainfall,  4.14  inches;  observed  runoff,  2.0  inches:  total  retention  in  17 
hours,  2.1  inches.  The  average  retention  rate  of  0.17  inches  per  hour  assumed 
in  the  third  trial  gives  the  best  agreement  of  computed  rainfall  excess  with 
measured  runoff. 


The  duration  time  of  excess  rainfall  is  that  time 
during  which  rainfall  increments  exceed  the  aver- 
age retention  rate.  In  the  third  trial,  table  3,  the 
duration  time  is  9  hours. 

(c)  Estimating  Direct  Runofl  from  Soil  and 
Cover  Data. — The  problem  most  often  encountered 


in  flood  studies  is  the  need  for  estimating  runoff 
from  a  watershed  for  which  there  are  no  records 
of  runoff  or  precipitation.  An  approach  to  solu- 
tion of  this  problem  is  to  compare  runoff  charac- 
teristics of  the  watershed  under  study  with  those 
of  watersheds  for  which  records  are  available. 
Basin  characteristics  which  may  be  most  readily 
compared  for  estimating  the  volume  of  runoff  that 
will  result  from  a  given  amount  of  rainfall  are  soil 
type  and  cover  which  includes  land  usage.  (The 
distribution  of  the  runoff,  i.e.,  the  unitgraph,  is 
compared  on  the  basis  of  area,  channel  character- 
istics, etc.)  Obviously,  a  great  deal  of  judgment 
must  be  used  in  making  such  comparisons  because 
of  the  great  number  of  soil  types  and  cover  types 
and  the  many  combinations  thereof  possible  within 
a  specific  watershed.  However,  near  minimum 
loss  rates  are  associated  with  inflow  design  floods; 
therefore,  only  data  on  minimum  loss  rates  for 
given  soils  and  cover  combinations  need  be 
determined. 

Hydrologists  of  the  Soil  Conservation  Service 
constantly  encounter  the  problem  of  estimating 
direct  runoff  where  no  records  are  available  for 
the  specific  watershed.  As  a  result,  a  general 
procedure  for  estimating  direct  runoff  has  been 
developed  to  meet  Soil  Conservation  Service  needs. 
Discussions  relating  to  this  procedure  taken  from 
the  "Hydrology  Guide  for  Use  in  Watershed 
Planning,"  published  by  the  Soil  Conservation 
Service  (see  bibliography,  sec.  55)  are  given  in 
appendix  A.  A  feature  of  the  Soil  Conservation 
Service  method  that  should  prove  particularly 
useful  is  the  classification  of  about  2,000  soils  of 
the  United  States  into  four  hydrologic  soil  groups 
representing  a  progression  in  degree  of  runoff 
potential  from  high  to  low.  Although  the 
Soil  Conservation  Service  procedure  for  esti- 
mating direct  runoff  has  been  selected  for 
use  in  this  text  due  to  its  simplicity,  one  modifica- 
tion has  been  introduced  in  adapting  this  pro- 
cedure to  inflow  design  flood  computations. 

The  runoff  equation  used  in  the  Soil  Conserva- 
tion Service  procedure  does  not  provide  for  in- 
clusion of  a  minimum  retention  rate  after  soil 
saturation.  The  runoff  curves,  figures  A-4  (ap- 
pendix A)  represent  solutions  of  the  runoff  equa- 
tion that  result  in  runoff  increments  almost  equal 
to  precipitation  increments  after  the  fifth  or  sixth 
hour  of  many  of  the  design  storm  values  obtained 
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l-l      Period  of  rainfall  excess 


..Runoff  from  2  o-inch  excess 
(i-hour  2- inch  unitqroph) 


37,500 

^Runoff  from' i  5-inch  excess 
[i-hour  i  5-inch  unitgraph) 
i.OOO  | 

Runoff  from  i.o-inch  excess 
(i-hour  i- inch  unitgraph) 
12,500  I  | 

Runoff  from  o  5-inch  excess' 
(i-hour  o  5-inch  unitgraph) 


II  24 

TIME-HOURS 
(B) 

Figure  9.      Unitgraph  principles. 

from  data  presented  in  sections  45  and  53.  ln- 
filtrometer  Btudiea  indicate  thai  all  but  impervious 

da\  soils  have  n  minimum  constant  infiltration 
rate  after  saturation  that  may  range  from  about 
0.05  inch  per  hour  to  greater  than  1.00  inch  per 
hour,  depending  on  the  type  of  soil.  A  progres- 
sively higher  minimum  rate  should  he  associated 


Definitions 

Unitgroph  -  A  hydrogroph   of    storm    runoff    ot  o  given   point  thot 
will   result   from  on  isolated    event  of  romfoll  eicess 
occurring    withm   o  unit  of  time    and   spread    m  an  average 
pottern   over  the   contributing   drainage   area     Identified  by 
by  the  unit  time   ond  volume   of  the  eicess   rainfall,  thot  is 
l-hour    I  inch   unitgraph 

Rainfall  eicess-  That  portion  of  rainfall   thot   enters  o  streom 
chonnel    os  storm  runoff  ond  produces   the  runoM    hydrogroph 
ot  the  measuring    point 


Basic  Assumptions: 

(1)  The  effects  of  oil  physical    characteristics   of  o  given 
dromoge  bosin   ore  reflected    in  the  shope  of  the  storm  run- 
off   hydrogroph  for  that   basin 

(2)  At  a  given  point  on  a  streom ,  discharge   ordmates  of 
different   unitgrophs  of  the  same  unit  time    of  rainfall 
eicess   ore  mutually    proportional  to  respective   volumes 
SeelAlot  left. 

(31       A  hydrogroph  of  storm   dischorge    that   would  result  from 
o  series  of  bursts   of  eicess  roin  or  from  continuous  eicess 
rain   of  vonoble  intensity  may  be  constructed  from  a  series 
of  over  lapping    unitgrophs   each  resulting  from  a  single 
increment    ot  eicess  rain  of  unit  durotion.  See  (B)  at  left. 


Proctical  Application: 

For  o  given  runoff   contributing  areo.o  unitgraph  represent- 
ing exactly  one  inch  of   runoff  (romfoll  eicess)   for  o  selected 
unit   time  interval  is  computed.   Increments  of  rainfall  eicess 
for   the    some  unit   time   mtervol    are  determined  for  o 
storm    A   total  hydrogroph  of  runoff   from  the  storm  is  then 
computed   using   ossumptions(2)ond(3)obove    See  groph  (B) 
ot  left  . 


with  each  of  the  four  hydrologic  soil  groups  ar- 
ranged from  D  to  A;  however,  data  are  not  avail- 
able at  this  time  to  propose  firm  rates,  h  is 
BUggeeted  that  the  following  minimum  retention 
rates  for  soil  groups  other  than  chiss  D  be  used: 
For  group  A  soils,  0.10  inch  per  hour;  and  for 
groups  B  and  C  soils,  0.05  inch  per  hour. 

An  example  of  how  the  data  given  in  appendix 
A  can  be  applied  to  inflow  design  Hood  studies  is 
given  in  section  53. 

47.  Unitgraph  Principles.  The  basic  tool  for 
hydiograph  computation  is  the  unitgraph.  Its 
fundamental  principles  are  presented  in  abbrevi- 
ated form  mi  figure  '.' 

48.  Hydrogroph  Analysis.  A  procedure  of  hydro- 
graph  analysis  is  presented  on  figure  10.  Storm 
duration  and  distribution  over  a  watershed  affect 
the  ahape  of  the  resulting  unitgraphs.  Direct 
averaging  of  unitgraphs  of  different  storm  dura- 
tions gives  erroneous  results.  However,  such 
unitgraphs  can  be  averaged  by  converting  the 
unitgraphs  to  dimensionless  form  as  shown  on 
figure  10(B 
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Figure  10.     Hydrograph  analysis. 


HYDROGRAPH  ANALYSIS  (Refer  to  Fig.  10) 

Given :  Recorded  hydrograph  at  given  point  on  a 
stream.  Rainfall  data  may  or  may  not  be 
available. 

Required:  Factors  for  deriving  unitgraph  to  be 
applied  at  point  of  derivation,  at  another  point 
on  stream  if  of  comparable  runoff  characteristics, 
or  to  comparable  ungaged  watershed. 

Procedures: 

(a)  Plot  recorded  hydrograph  on  cartesian 
coordinate  paper  and  on  semilog  paper: 

©  on  figure  10(A),  and 
®  on  figure  10(B). 

(b)  Estimate  base  flow,  ©  on  figure  10  (A) 
and  (B),  by  trial  and  error.  Subtract 
base  flow  from  recorded  hydrograph  and 
plot  net  hydrograph,  ®  on  figure  10(B). 
If  the  base  flow  has  been  estimated  cor- 
rectly, t  he  descending  limb  of  hydrograph 
©  on  figure  10(B)  will  be  a  straight  line 


(exponential  recession).     (®=®  minus 
©  on  figure  10(B).) 
(c)    Compute  volume  of  net  hydrograph   © 
as  follows : 

(1)  Add  average  hourly  discharges  (in 
sec.-ft.^hours)  to  a  point  such  as  y  on 
the  exponential  recession,  ©  on 
figure  10(B). 

(2)  Compute  hourly  recession  constant, 
kf,r,  from  two  points  on  exponential 
recession  line  by  use  of  following 
equation : 


K  vt 


where : 

90  =  discharge  at  first  point, 
^,  =  discharge  at  second  point,  and 
£  =  time  interval,  in  hours,  between 
points  1  and  2. 
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5to         or  \  olume  after  y  in  (sec.-fl  - 
hours)  equals 

\ogtkkr 

where : 
gy= discharge    in    second-feel     al 

point  //,  and 
logje*,    2.3026  (logI0*»,)- 

i     rota]  volume  is  Bum  of  volume  to  y 

plus  volume  after  //. 

(d)  For  comparison  \\  1 1 U  rainfall  data,  eon- 
vert  volume  of  (?)  to  inches  of  runoll': 

Indies  of  runoff= 

volume  in  see. -ft. -hours 
(area  in  scp  mi.) X 645. 3 

Analyze  rainfall  data,  if  available;  deter- 
mine period  1)  of  rainfall  excess. 

(f)    Compute  time  of  occurrence  of  one-half 
volume  of  hydrograph  fj  .  figure  10(C). 

The  time  to  center  of  volume,  '/',.,.  equals 
time  from  beginning  of  rise  of  net  hydro- 
graph  to  time  one-half  volume  has  passed 
measuring  point. 

Find  lag,  Ls,  time  in  hours  from  midpoint 
of  excess  rainfall  period  to  time  of  occur- 
rence of  one-half  volume, 
(h)  Compute  dimensionless  graph  as  follows 
and  plot  on  semilog  paper,  0  on  figure 
10(B 

(l)  Abscissa  hours  from  beginning  of 
excess  rain  expressed  as  percent  of 
(L,+D/i).  When  rainfall  data  are 
not  available  LQ+I)/2  may  he  taken 
equal  to  T(r. 
(2)  Ordinates  discharge  in  second-feet 
of  (5)  (at  respective  abscissa)  multi- 
plied by  {L,-\  D/2),  all  divided  by  net 
hydrograph  volume  expressed  as  sec- 

t      .         /      i   -ft.-hours\ 
ft.^iays(       -w-   -J 

49.  Unitgraph  Derivation  for  Ungaged  Areas. 
An  example  of  the  derivation  of  a  unitgraph  for 
an  ungaged  area  is  shown  on  figure  11.  Since 
hydrographs  recorded  at  a  dam  site  are  seldom 
available,  a  means  of  transferring  unitgraphs  to 
ungaged    areas    is    necessary.    The    factor    "lag 


tune"  is  used  for  this  purpose  Lag  time  i^  an  index 
to  t  he  t  line  of  concent  ration  of  runotf  from  a  basin. 

It  may  he  determined  from  recorded  hydrographs 
and  empirically  correlated  with  basin  character- 
istics.     As  shown   on   figure    11,   determination   of 

a  lag  time  for  an  ungaged  watershed  from  basin 
measurements  provides  the  key  to  unitgraph  com- 
putation for  that  watershed  if  a  representative 
dimensionless  graph  is  known  There  are  several 
definitions  of  lag  tune,  each  pertaining  to  a  specific 
form  of  unitgraph  derivation;  two  different  defini- 
tions are  used  in  this  text.  Lag  time  i-  defined 
as  (1)  the  time  from  the  center  of  excess  rainfall 
to  the  time  of  occurrence  of  one-half  the  volume 
of  the  hydrograph'  used  with  the  dimensionless 
graph  procedure  outlined  on  figures  10  and  1  1  ;  and 
(2)  the  time  from  the  center  of  excess  rainfall  to 

the  time  of  peak  discharge  of  the  hydrograph-  - 
used    with    the    triangular   hydrograph    concept, 

figure  12. 

UNITGRAPH  DERIVATION  FOR  UNGAGED 
AREA  (Refer  to  Fig.  11) 

Given:  Dimensionless  graph  (C)  and  lag  relation- 
ship curve  (B)  for  comparable  area. 
Required:  Unitgraph  for  basin  above  given  point. 
Procedure: 

(a)  Outline    drainage    boundary,    determine 
area  (fig.  11(A)). 

(b)  Find: 

Z,  =  length  of  longest  watercourse  from 
point  of  interest  to  watershed 
divide,  measured  in  miles. 

ca  =  centroid  of  basin-  usually  found 
by  vertically  suspending  a  card- 
board cutout  of  basin  shape  suc- 
cessively from  two  or  more  points 
and  finding  intersection  of  plumb 
lines  from  each  point. 
A<:a  =  length  of  watercourse  from  point 
of  interest  to  intersection  of  per- 
pendicular from  co.  to  stream 
alinement. 

S=overall  slope  in  feet  per  mile  of 
longest  watercourse  from  point 
of  interest  to  divide. 

(c)  Solve  for  factor: 


x-S- 
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Typical   Log  Curve 
Red   Willow  Creek  near  Mc  Cook,Nebr. 

(  Partial   Contributing   Area  ) 
Little  Beover  Creek  near   Duncan, Oklo 
Cimmarron    River  near  Boise  City  , Okl o. 


Basin    Factors: 
Area=300  sq  mi. 
L=  36  miles 
LCa=  l6-'  m"es 
S=  80  feet  per  mil 
LLC0 
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Unitgraph  Derivation. 
Unit  rainfall    duration  -  z  hours 
Lag  time  =9  hours. 
Area  =  300  sq.  mi. 

Volume  of  l.O  inch  runof f  =  300i26.89  = 
8,067  second -foot-days. 

Lq  +  —  =  10  hours. 


Sample  Computations 


Time, 
hours 

%of 

Ordinate 

Unit 

2 

20 

05 

400 

4 

40 

5.2 

4  190 

6 

60 

17  0 

13,710 

8 

80 

25  8 

20,810 

Read  from   (C)  at  left 
Instantaneous  value  at  end 
of  designated  hour. 

q  =  Ordinate  .  5i2|I 


%of(L,+  -§) 
<C> 


TIME  -HOURS 
(D) 


Figure  11.     Unitgraph  derivation  for  ungaged  area. 


(d)  Enter  graph,  figure  1 1  (B),  with  — =*  value 

and  read  the  corresponding  lag  time. 
(Points  establishing  empirical  curves  such 
as  figure  11(B)  are  constructed  by  plot- 
ting lag  times  obtained  from  hydrograph 

analyses  (fig.   10)  versus  respective  —^ 

factors  for  basins  of  similar  runoff  charac- 
teristics.) 

(e)  Select  a  dimensionless  graph  (fig.  11(C)) 
— usually  the  mean  dimensionless  graph 
of  a  number  of  dimensionless  graphs  de- 
rived for  the  same  stream  or  for  streams 
of  similar  characteristics. 

(f)  Select  unit  rainfall  duration  time— should 
be  one-fourth  or  less  of  lag  time  for  basin. 

(g)  Compute  unitgraph  (fig.  11(D))  using: 
(1)  Basin  area. 


(2)  Lag  time  plus  one-half  unit  rainfall 
duration  time. 

(3)  Dimensionless  graph. 

(h)  Computed    unitgraph    may    be    used    as 
shown  on  figure  9(B). 

50.  Triangular  Hydrograph  Analysis. — The  practi- 
cability of  representing  a  hydrograph  as  a  triangle 
and  the  relationships  that  can  be  developed  by  such 
representation  is  presented  on  figure  12. 

51 .  Estimating  Time  of  Concentration. — As  shown 
on  figure  12,  the  general  equation  for  computing 
the  peak  discharge  resulting  from  a  given  amount 


of  runoff  is  qp= 


484AQ 


in  which  7\,=7r  +  0.6T', 


The  term  0.6  Tc  is  an  empirical  relationship  adopted 
by  hydrologists  of  the  Soil  Conservation  Service 
as  representative  of  L,  lag  time,  which  is  defined 
as  the  time  in  hours  from  the  midpoint  of  excess 
rainfall,  D,  to  the  time  of  peak  discharge.     The 
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relationship  <>f  /.  to  other  hydrograph  factors  is 
shown  on  figure  12(B).  Computation  <>f  hydro- 
graphs  for  ungaged  watersheds  l>\  application  of 
tin-  equations  given  «>n  figure  12  is  dependent  on 
mi  estimate  of  V',.  time  of  concentration  of  the 
watershed,  defined  us  the  travel  time  «>f  water  from 

the  hydraulically  most  distant  point  of  the  water- 
shed to  the  point  of  interest.  Various  methods  of 
est  limit  in;.'    /'    are  given  on  figure  13.      These  data 

are  admittedly  generalized  because  the  con- 
centration of  runoff  is  affected  by  storm  distribu- 
tion over  the  watershed  and  storm  intensity  as  well 

as  l>\    the  watershed's  hydraulic  characteristics. 

If  data  are  available,  more  than  one  method  of 
estimating  time  of  concentration  should  he  used 
to  select  a  representative  value  for  a  particular 
watershed. 

52.  Application  of  Triangular  Hydrographs.  -Ex- 
amples of  the  application  of  the  triangular  hydro- 
graph  concept  are  presented  on  figure  14. 

53.  A    Method    of    Computing    an    Inflow    Design 

Flood.  The  following  procedure  is  based  to  a  large 
extent  on  that  given  in  the  Soil  Conservation 
Service  "Hydrology  Guide  for  Use  in  Watershed 
Planning,"  *  hut  with  modifications  to  meet  the 
purpose  of  this  text.  The  resulting  inflow  design 
flood  bydrograph  represents  direct  runoff  from 
precipitation  in  the  form  of  rain  over  a  watershed 
having  no  unusual  runoff  characteristics.  If  a 
certain  amount  of  flow  is  expected  to  he  in  the 
channel  at  the  time  an  inflow  design  flood  could 
occur,  the  amount  of  this  base  flow  should  be 
added  to  the  inflow  design  flood  hydrograph.  The 
procedure  outlined  assumes  an  ungaged  area. 
Computations  for  a  gaged  area  will  differ  Only  in 
that  data  regarding  unitgraph  characteristics  and 
retention  losses  obtained  from  analyses  of  recorded 
runoff  should  be  used. 

(a)  Waterthed  Putn.  The  following  watershed 
data   are  always  needed  : 

(1)  Geographical  location. 

(2)  Map  showing  topography,  streams  and 
drainage  area. 

(3)  Information  about  soils  and  vegetative  cover 
and   their  distribution  throughout   the  watershed. 

•  8ee  bibliography,  sec.  85. 


(b)  Magnitude  Critiria.  It  has  been  pointed 
out  in  section  4(1  that  an  inflow  design  Hood  may 
not   always  be  equivalent   to  the  maximum  prob- 

able  flood.  In  those  instances  where  it  is  permis- 
sible to  design  for  less  than  the  maximum  probable 
Hood,  a  reasonable  reduction  in  the  severity  of  the 
factors  affecting  Hood  potential  Can  be  made.  In 
this  text,  conditions  designated  as  assumption  A 
and  assumption  B  U)  be  used  when  considering 
design  Hoods  less  than  the  maximum  probable  are 
given  to  provide  a  method  for  achieving  a  con- 
sistent degree  of  magnitude  as  related  to  the  risk 
of  damage  which  would  result  from  structure 
failure.  The  same  design  storm  values  for  a  spe- 
cific watershed  are  used  for  both  assumptions  A 
and  B.  These  storm  values  are  less  than  probable 
maximum;  in  most  instances,  they  represent  pre- 
cipitation amounts  slightly  greater  than  those 
which  have  been  observed  for  respective  locations 
within  the  United  States.  The  method  of  obtain- 
ing these  values  is  given  in  section  45. 

For  assumption  A,  runoff  from  the  design  storm 
is  computed  assuming  antecedent  moisture  condi- 
tion III  which  presupposes  the  watershed  soils  to 
be  nearly  saturated  (see  appendix  A).  For  as- 
sumption B,  runoff  from  the  design  storm  is  com- 
puted assuming  antecedent  moisture  condition  II 
which  presupposes  the  watershed  soils  to  be  less 
wet  than  condition  III  and  comparable  to  the 
average  condition  at  the  time  of  occurrence  of  the 
maximum  annual  flood. 

The  following  criteria  for  design  floods  are  thus 
established: 


// 

(1)  Failure  of  structure  (1) 
would  result  in  prob- 
able loss  of  human  life. 

(2)  Failure  would  cause  (2) 
great  damage  to  prop- 
erty and  project  oper- 
ation but  loss  of  human 

life  is  not  envisioned. 

(3)  Failure    would    cau-e 

only  loss  of  structure  (3) 

with  little  additional 
damage  to  property  and 
project  operation. 


Then 
Inflow  design  flood  is 
equivalent  to  the  maxi- 
mum probable  flood. 
Inflow  design  flood 
may  be  as  much  less 
than  the  maximum 
probable  as  that  ob- 
tained by  assumption 
A. 

Inflow  design  flood 
may  be  M  much  leS8 

than  the  maximum 
probable  us  that  ob- 
tained bv  assumption 
B. 
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DESIGN  OF  SMALL  DAMS 


^-Rainfall 


TYPICAL     UNITGRAPH 
See    definition,   figure  9 


--Excess  Rainfall  or  Runoff 


.Retention  (loss)  Curve 

, -Runoff   Hydrograph 


time-hours 
(A) 


SCHEMATIC  REPRESENTATION    OF  UNITGRAPH 

Retaining     curvilinear  graph   by 
-Excess  Rainfall  triangle   having  egual  total   runoff, 

peak  rate  and  time  to  peak. 


-Runoff   Hydrograph 


Source     Paper  by  Victor  Mockus,    Hydraulic   Engineer,  Soil  Conservation  Service, 
Central  Technical   Unit    Beltsville,   Md. ,   February,   1957 


Figure   7  2.      Triangular  hydrograph  analysis.      (Sheet  1   of  2.) 


FLOOD  STUDIES 


45 


1500 


1000 


500 


PEAK    EQUATION    DEVELOPMENT 
Using   triangle    from  (B)   at   left 

..  T. 
Q 


„   +  — 


a  =  -H- 

q>        Tp+Tr 

Let     Tr  -  HTp,  where  H  is  a  constant  to  be 
determined  for  a  particular 
watershed 
_2_  _Q_ 


q, : 


(l+H)      Tp 


Convert  inches  per  hour  to    second -feet, 
introduce    drainage    area,   A      in  square 
miles     (i  inch  per  hour  -  645  3    second- 
feet   per  square   mile.) 

2(645.3)      AQ 


or 


%'~ 


KAO 


where 


12906 


I  +  H 


Tr 


Value  H  for  a  particular    stream    may 

be    computed    from    recorded    hydrographs 

Analyses  by  SCS   have    resulted   in  their 
adoption    of  H  =  i.67  as   a   general 
average   value    for  ungaged    watersheds 


EXPLANATION 

Total  runoff   in   inches 
Peak  rate, inches  per  hour 
Time  in  hours  from   start   of 

rise   to  peak   rate 
Time  in  hours   from   peak   rate 

to  end   of   triangle 
Peak  rate    in  second -feet 
Rainfall   excess  period,  hours 
Lag,  time    from    center   of 

excess   rainfall   to    time   of 

peak,  hours 
Time  of  concentration- travel 

time  of  water   from   hydrauhcally 

most   distant    point    to  point 

of    interest 
Time  base  of  hydrograph 


Empirical    relationship  for   lag 

L=0  6TC 


General    Peak   Equation 
484AQ 


For   H  =  167 
Tb  --  2  67  Tp 


or  using     L  -06  Tc 
„      .    484AQ 


<p        D/2+0  6Tc 


since 


T»    s    -=-   +06TC 


Figure   J  2.      Triangular  hydrograph  analysis       (Sheet  2  ol  2  ) 
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DESIGN  OF  SMALL  DAMS 


Purpose:  A  time  of  concentration  from  which  o  lag  time  con  be  computed 
must  be  obtained  for  hydrograph  construction  representing  runoff  from 
a  watershed.  Various  methods  of  estimating  time  of  concentration,^, are  as  follows: 

A.   ESTIMATING    Tr    FROM   STREAM    HYDRAULICS  (SCS    GUIDE) 


1.  Obtain   stream    reaches   and   channel    cross-sections    from    field  surveys. 

2.  Find    approximate    channel    bankfull    discharge   for    each   reach. 

3.  Compute    average   velocity  for   the    bankfull   discharge   of  each    reach. 

4.  Use  the   average    velocity    and  the    valley   length  of  the    reach   to  compute 
travel  time  through  each  reach. 

5.  Add  travel    times    of    reaches    to    get   Tc. 

Note:     Appendix    B  "Hydraulic    Computations"  presents  methods  of  computing 
flows  in  natural   channels. 


B.    ESTIMATING  Tc   FROM    VELOCITY   ESTIMATES    AND    WATERCOURSE    LENGTHS 


Velocity   Estimate   Guide 


U.S.  Navy   -  Technical    Publication 
Navdocks    TP-PW-5 

Table     8B,    March   1953 

Averoge  slope  of  channel 
from  farthest  point  to 
outlet,  in  percent 

Average 

velocity, 

feet  per  second 

1   to   2 

2.0 

2    to    4 

3  .0 

4   to    6 

4.0 

6  to  10 

5.0 

Texas     Highway    Department 
Rational    Design    of    Culverts 

and  Bridges,    October  1946 

Slope 

in 
percent 

Average  velocity, feet  per  second 

Woodlands 
(upper  portion 
watershed) 

Postures 
(upper  portion 
watershed) 

Natural 
channel  not 
well  defined 

0-3 

1.0 

1.5 

1.0 

4-7 

2.0 

3.0 

3.0 

8-11 

3.0 

4.0 

5.0 

12   -15 

3.5 

4.5 

8.0 

Figure  13.      Time  of  concentration  estimates.      (Sheet  1   of  2  ) 
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C.     ESTIMATING    Tc    FROM    LENGTHS   AND    SLOPES 


40,000 
30,000 

2  0.000  — 


10,000 
8,000 

0>   6  000 


-    4,000 


3,000  — 


2.000  — 


1,000 
8  00 
600 


10 
8 

-    6 


4 
3 

-     2    </> 

L 
3 
O 

10   £ 
8    S 

6"° 


10 

20 

30 
40 

I —  60 


-^ampie 


4 
3 

-    2 


1—  0.1 


Example 

L  =  7,250  feet 

H  -  130   feet 
then   Tc  -  057   hours 


80    5 


—  100 

c 

X 
200 

300 
400 

—  600 

800 
—  1,000 


(a)  Nomograph  (  SCS  Guide) 

L    ■   length   of   longest  water- 
course  m  feet 

H   :    difference  in  elevation  in  feet 
between  outlet  point  and  divide 


(b)Solution   may  be   made   by  equation 
from    California    Culverts 
Practice  .California    Highways 
and    Public    Works  ,  September 
1942. 

||  9|_3   \0.385 


T.  ^ 


T  =  Tc    in    hours 

L  :   length   of  longest    watercourse 

in    miles 
H  :    elevation    difference   in  feet 


Lag,  L,  (SCS  Guide)  may  be  estimated  directly  for  a  basin 
by  subdividing  into  tributary  drainage  subareas  and  using 
t  he    relationship  : 


L  = 


£axTx 


where      L  :    lag  in  hours 

ax:   the    xth    increment   of  area   in  sq.  mi. 
Tx  =  travel   time  in  hours    from    center  of   Ox 

to  main  basin  out  let 
A    -  total    area  of  basin, sq  mi 


Figure  73.      Time  of  concentration  estimates.      (Sheet  2  of  2  ) 
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DESIGN  OF  SMALL  DAMS 


Simple  Triangular    Hydrograph: 


o 
z 
o 
o 

LxJ 

<r> 

o 

o 


o 
or 
< 

x 
o 
in 


Given : 

A  =  8.0  sq.  mi. 
Tc=  3.0  hours 
D  =  2.0  hours 
Q  =  l.O  inch 


1            \ 

V.  '"■ 

Curvilinear  graph 

// 

\\ 

ft 

1 

ft 

1 

/ 

\v~> 

""■"-—- 

4  6  8 

TIME-HOURS 
(A) 


10 


Required:    Triangular    hydrograph 
(Needed:  Tp,  qp,  Tb  ) 

Computations:    (  Ret- Figure  12) 
Tp   =  y+0.6Tc  =  |-  +  0.6(3.0) 

Tp   =    2.8  hours 

4  84  AQ     (484)(8.0)(I.O) 
QP    =  Tp         ■  2.8 

qp  =  1,380  second-feet 

Tb  -    2.67  Tp 

Tb  =   7.48  use  7.5   hours 

Plot  Tp,  Tb.  Connect   origin   and   TP) 
Tp  and  Tb   by  straight    lines. 


A   curvilinear     hydrograph  may  be   constructed  from  values  of  qp    and    Tp   by  using  ratios 
tabulated  below  which  were   obtained  by  SCS  analyses   of  many   unitgraphs 


Time 

ratio, 

T/Tp 

Disch. 
ratio, 
q/qp 

Example-see  (A)  above 

Time, 
hours 

Discharge, 
second-feet 

0 

0 

0 

0 

0.1 

0.015 

0.2  8 

21 

0.2 

0.07  5 

0.56 

104 

0.3 

0.16 

0.84 

220 

0.4 

0.28 

1.12 

386 

0.5 

0.43 

1.40 

596 

0.6 

0.60 

1.68 

828 

0.7 

0.77 

1.96 

1,063 

0.8 

0.89 

2.24 

1,228 

0.9 

0.97 

2.5  2 

1,339 

1.0 

1.00 

2.8 

1,380 

I.I 

0.98 

3.08 

1,352 

1.2 

0.92 

3.36 

1,270 

1.3 

0.84 

3.64 

1,159 

1.4 

0.75 

3.92 

1,035 

Time 

ratio, 

T/Tp 

Disch. 
ratio, 

q/qP 

Example-  see  (A)  above 

Time, 
hours 

Discharge, 
second-feet 

1.5 

0.66 

4.20 

911 

1.6 

0.5  6 

4.48 

773 

1.8 

0.4  2 

5.04 

580 

2.0 

0.32 

5.60 

442 

2.2 

0.24 

6.16 

331 

2.4 

0.18 

6.72 

248 

2.6 

0.13 

7.28 

179 

2.8 

0.098 

7.84 

135 

3.0 

0.075 

8.40 

104 

3.5 

0.036 

9.80 

50 

4.0 

0.01  8 

11.20 

25 

4.5 

0.009 

12.60 

12 

5.0 

0.004 

14.00 

5 

Infinity 

0 

Figure   14.      Application  of  triangular  hydrograph.      (U.S.  Soil  Conservation  Service.)      (Sheet  1   of  2.) 
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Complex   Hydrogroph  Due  To  Varioble  Rainfall  Increments 


Given:    Area  -  100  sq.  mi. 
Tc  -  10  hours 

Storm  of  0=6  hours,  successive  2  -  hour    increments,  AD,  of  06,  i  4,  0.8  Inches, 
rainfall  excess 

Proceaure     For  variable  intensity   storms,  total   storm  is   subdivided  into  duration 

increments  of  time  equal  to  '/s  (or  less)  of   Tc-    In   this  example,  AD  equals  2  hours 

Computation:  Compute  simple  hydrogroph  values  for  Tp,  Tb  and    qp  for  i.O  inch  of  rainfall 
excess  (runoff)  occuring   in  a  2-hour  period   C/sTc). 

In  example,  Tp=  7.0  hours,  Tb  :  1 8.7  hours,  qp  =  6,9i4  second-feet   for  10-inch  runoff, 
2  hours.  For   AD:2  hours,   Tp  and  Tb    remain  constant,qp  varies  as  the  ratio  of   A 
rainfall   excess   to  l.O-mch  excess     Prepare   plotting  table,  plot  simple  hydrographs 
for  each  AD,  add  ordinates  of  simple  hydrographs  to  get   total  runoff. 


PLOTTI NG    TABLE 


»  Time  for  total  runoff 


Time, 
hours 

A 

Rain 
excess 

A  Peak, 
second-feet 
(69I4KAQ) 

A  Hydrogroph 

Begin 
t  ime 

T  of 

peok 

Tof 
end 

0 

0.6 

4.14  8 

0 

7 

18.7 

2 

1.4 

9.680 

2 

9 

20.7 

4 

0.8 

5.530 

4 

II 

22.7 

6 

t  Ret  Soil  Conservation 
Service  Hydrology 
Guide. 


Figure   M        Application  ol  triangular  hydrogroph       (US    Soil  Conservation  Service  )      (Sheet  9  o(  2  ) 
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DESIGN  OF  SMALL  DAMS 


(c)  Computation  of  Inflow  Design  Floods — East 
of  105°  Meridian. — This  subsection  illustrates  the 
procedure  for  computing  the  three  floods  for  drain- 
age areas  east  of  the  105°  meridian  (examples  1, 


2,  and  3),  and  subsection  (d)  illustrates  the  pro- 
cedure for  drainage  areas  west  of  the  105° 
meridian. 


Example  1. — Maximum  Probable  Flood 


General  procedure 


Specific  application 


1.  Determine  geographical  location  and  size  of  drainage 
area. 

2.  Determine    zone    number    and    6-hour    10-square-mile 
probable  maximum  precipitation  from  fig.  1. 

3.  Determine    the    design    storm    rainfall    increments    as 
follows : 

(a)  Adjust  the  6-hour  10-square-mile  rainfall  to  values 
for  the  given  drainage  area  size  and  to  longer  dura- 
tions by  use  of  fig.  2. 


(b)  Determine  hourly  amounts  of  rainfall  within  maxi- 
mum (first)  6-hour  period  by  percentage  values 
of  curve  for  zone  C,  fig.  4. 


(c)  Tabulate  total  48-hour  storm  sequence  by  incre- 
mental time  periods  showing  incremental  rainfall 
amounts  and  accumulative  amounts.  The  incre- 
mental rainfall  during  the  maximum  6-hour  period 
should  be  rearranged  from  the  descending  order  of 
magnitude  obtained  above  to  the  following  hourly 
magnitude  sequence,  1  through  6  hours:  6,  4,  3,  1, 
2,  5.  This  is  a  judicial  arrangement  that  gives 
a  computed  flood  greater  than  one  based  on  the 
assumption  that  the  greatest  hourly  increment  of 
rain  occurs  during  the  first  hour  of  a  storm  and 
a  smaller  flood  than  that  computed  by  assuming 
the  greatest  hourly  increment  of  rain  occurs  during 
the  6th  hour  of  a  storm.  The  hourly  increments 
of  a  storm  cannot  be  predicted. 


1.  For   this   example    use   a   site    in    Peoria    County,    111. 
Drainage  area  is  61  square  miles. 

2.  Zone  7: 

6-hour  10-square-mile  probable  maximum  precipitation 
is  25.5  inches. 

3.  (a)    Using  fig.  2,  obtain  maximum  probable  precipita- 

tion for  area  of  61   square  miles  for  various  dura- 
tions: 


Duration,  hours 

Percent  of 
10-square- 
mile  6-hour 
value 

Total  rain, 
inches  , 

0-6 _ _ 

83 
100 
111 
121 

21.2 

0-12 

25.5 

0-24 

28.3 

0-48  

30.9 

(b)   Hourly  rainfall  6-hour  period: 


Time,  hours 

Percent, 

6-hour 

rain 

Accumula- 
tive rain, 
inches 

Incremental 
rain, 
inches 

1 _ 

49 

10.4 

10.4 

2... 

64 

13.6 

3.2 

3 -.- 

75 

15.9 

2.3 

4 

84 

17.8 

1.9 

5 

92 

19.5 

1.7 

6 

100 

21.2 

1.7 

(c)    Design  storm: 


Time,  hours 

Incremental 
rain, 
inches 

Accumula- 
tive   rain, 
inches 

0-1 

1.7 
1.9 
2.3 
10.4 
3.2 
1.7 
4.3 
2.8 
2.6 

1.7 

1-2 

3.6 

2-3  '.... 

5.9 

2-3 

16.3 

4-5 

19.5 

5-6 

21.2 

6-12_ 

25.5 

12-24   

28.3 

24-48 

30.9 
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EacampU  I      Minimum  Probable  Flood    -Continued 


.I  iir'xi'liiri- 


Determine  the  hydrologic  soil-cover  complex  number 
of  the  watershed  (see  Appendix  V)  Availability  of 
■oil  maps  ia  discussed  in  sec  82  If  soil  maps  an  not 
available,  an  estimate  of  the  hydrologic  Boil-oover 
complex  number  can  be  made  during  the  field  inspection 
tri|)  to  the  « Btershed 


Estimate  dired   nmofT,  using  runoff  curve  for  hydro- 
Ionic  soil-cover  complex  number  for  condition  II 
appendix  A.)  and  Btorm  rainfall  tabulated  in  Btep  3(c) 
above. 

Antecedent  moisture  condition  II  is  used  for  maximum 
probable  flood  computation  east  of  the  l().r>°  meridian 
because  of  the  extremely  rare  likelihood  of  an  occur- 
rence of  a  storm  equivalent  to  probable  maximum  pre- 
cipitation in  conjunction  with  thoroughly  wet  soils. 
1  indition  II  assumes  soil  moisture  supply  within  the 
watershed  to  be  similar  to  average  conditions  present 
before  occurrence  of  the  maximum  annual  (lood. 
Himoff  curvo,  fig.  A- I.  do  not  contain  the  dimension 
time.  Because  limiting  loss  values  discussed  in 
16(c)  are  rates  with  time  as  a  factor,  application  of 
these  curves  to  design  flood  computations  requires 
some  modifications  as  follows; 


application 


Soil  Belies  indicated  bj    map 

Lindley,  Clinton,  Carrington,  Grundy 
Table  ,\   i  (appendix  \)  shows  the  following  hydrologic 
groups: 

Lindley     C  Clinton     H 

Grundy     C  urrington     B 

<  )\  er .")()  percent  of  the  area  is  c posed  of  either  Clinton 

or  Carrington  soils;  therefore  the  hydrologic  group 
for  the  watershed  is  B. 
1   usage   is  estimated   as   follows,   and  applicable 

runoff     Curve     numbers     obtained     from     table      \    J 

(appendix   \ 


Peraenl 

«'ur-. 

U<>»  crope,  contoured,  l'c»m| 

Logan  i>.  Bantoared,  good 
Pasture,  contoured,  good 

gg 

20 

Hydrologic  Boil-cover  complex  number  equals: 
(i  16     75  =33.75 
0.35X69=24.15 

0.20X35=    7  00 


64  '"i 


Curve   number   equals   65,    condition    II    i  fin.    A-l.    ap- 
pendix   \ 


Ate.— The  above  example  la  t>ase»i  on  general  sous  map  and  intimated 
i  should  tir  verified  by  Held  inspection  In  actual 


N 
land  usage 

pract  Ice 
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DESIGN  OF  SMALL  DAMS 


Example  1. — Maximum  Probable  Flood — Continued. 


General  procedure 


(a) 


(b) 


(c) 


Read  appropriate  curve,  fig.  A— 1,  using  accumu- 
lated rainfall  amounts  by  progressive  time  incre- 
ments and  determine  accumulated  direct  runoff 
for  respective  progressive  time  increments. 
Compute  and  tabulate  incremental  rainfall  and 
respective  incremental  runoff;  subtract  incre- 
mental runoff  from  incremental  rainfall  to  deter- 
mine incremental  loss.  (Loss  computations 
beyond  12  hours  are  seldom  necessary — see  (c) 
below.) 

Rainfall-runoff  curves,  fig.  A— 4,  give  lower  loss 
rates  with  increase  in  storm  precipitation.  When 
incremental  loss  rates  determined  by  (b)  above 
reach  the  limits  stated  in  sec.  46(c),  (0.10  inch  per 
hour  for  group  A  soils;  0.05  inch  per  hour  for 
groups  B  and  C  soils)  the  runoff  curves  are  no 
longer  used.  The  incremental  runoff  is  then 
computed  by  subtracting  the  limiting  loss  rate 
amounts  from  the  incremental  rainfall. 


6.  Determine  time  of  concentration  for  the  watershed  (sec. 
51  and  fig.  13). 


7.   Compute  triangular  hydrograph  for  each  increment  of 

runoff  (figs.  12  and  14)  as  follows: 

(a)  Determine  time  increment,  D,  to  be  used.  For  the 
most  intense  period  of  the  storm,  the  time  incre- 
ment, D,  should  be  at  least  as  small  as  one-fifth  of 
the  time  of  concentration. 

(1)  For  the  first  (most  intense)  6  hours,  D  will 
usually  be  1  hour.  For  rapid  concentration 
times  (Tc  less  than  3  hours),  one-half  hour  is 
the  minimum  practical  time  increment,  D, 
recommended  for  the  most  intense  periods. 
For  less  rapid  concentration  times,  D  for  the 
most  intense  periods  may  be  longer.  For  Tc 
values  of  10  to  15  hours,  a  D  of  2  hours  is 
recommended.  For  Tc  values  of  15  to  30  hours, 
a  D  of  3  hours  is  recommended. 

(2)  The  time  period,  D,  may  be  lengthened  in  the 
later  part  of  the  storm  to  reduce  computations. 
This  will  result  in  a  poorer  definition  of  the  re- 
cession limb  of  the  hydrograph,  but  it  has  little 
effect  on  the  design. 


Specific  application 


5.   (a),  (b),  (c): 


ESTIMATED  DIRECT  RUNOFF 
[Values  in  inches] 


Time, 

Incre- 
mental 
rain  ' 

Accumu- 
lative 
rain 

Runoff 

Incre- 

hours 

Accumu- 
lative 

Incre- 
mental 

mental 
loss 

0-1 

1-2 

2-3     

1.7 

1.9 
2.3 
10.4 
3.2 
1.7 
4.3 
2.8 
2.6 

1.7 

3.6 
5.9 
16.3 
19.5 
21.2 
25.5 
28.3 
30.9 

2  0.08 
.80 
2.28 
11.3 
14.3 
15.9 
3  20.0 

0.08 
.72 
1.48 

9.0 
3.0 
1.6 
4.0 
2.2 
1.4 

1.62 
1.18 
.82 

3-4     

1.4 

4-5     

.2 

5-6.. 

.1 

6-12 

.30 

12-24... 

24-48 

.60 
1.20 

1  From  step  3(c). 

2  Estimate  hundredths  when  scale  permits. 

3  Curve  65 gives  20.0  inches  runoff.  20.0  minus  15.9=4. 1  inches  incremental 
runoff.  4.3  minus  4.1  gi'es  0.2  inch  loss  in  6  hours  or  0.03+  inch  per  hour. 
Abandon  curve  and  use  0.05  inch  per  hour  loss  to  compute  runoff. 

6.  From  map  study:  L=18.5  miles.  Elevation  difference 
between  headwater  and  site,  400  feet  =  H.  Since  these 
are  the  only  data  available,  Tc  is  estimated  by  solution 
of  equation  given  on  figure  13. 

11.9  Z3\0-385 


r(11.9)(18.5)3T 
L         400         J 


=  7.5  hours 

7.    (a): 

(1)  For  first  6  hours,  use  D=l  hour. 

(2)  For  second  6  hours,  use  D  =  Q  hours. 
For  second  12  hours,  use  D=12  hours. 

(3)  Ignore  runoff  after  first  24  hours  as  Tc  =  7.5  hours. 
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,,.'.    f.—M  ■  I      ('mil. 


Runoff  from  the  24    18-hour  period  has  little 
effecl  <>n  design  and,  therefore,   may  !»■  neg- 
lected,    Runoff  hydrographs  for  only  1 1 1 » -  lir-t 
24-hour  period  of  design  storm  need  be  oom- 
puted  fur  watersheds  having  a  V   of  -I  noun 
or  li 
For  each  time  Interval,  l>,  compute  the  time  i<>  peak, 
7',,  base  time,  7*»,  and  ih<-  peak  discharge,  </,..  fur  1 
inch  <>f  runoff      I '-<  equations  given  on  Bg.  12 


l  ompute  Hi"'  peaks  of  triangular  hydrograpbs  for 
each  increment  of  runoff  These  peaks  arc  ob- 
tained l>y  multiplying  the  peak  discharge  for  I 
inch  of  runoff  (computed  in  the  previous  step)  bj 
tin  increment  of  runoff 
•  I  Prepare  a  plotting  table  showing  the  peaks,  starting 
time,  time  of  peak,  and  ending  timeof  each  incre- 
mental hydrograph 


li    Given: 


D 


T,=  .,     <"■/■ 


T,     2.67 

IM 


A  Q 


I  7..")  hours 

.1  ill  Bq.  mi 

Q  1.00  inch 

Tor  I)  1  hour: 

T=  .',     ii  6    7 

."•  hours 
?V  2  67    5 

13  I  hours 

IM    61      1.00 
1'=-       5 

5,900  Bpc.-ft. 
For  I)    6  hours: 

r" 

"    2 

7..")  hours 
r5=2.67    7.5) 
20  hours 
484  161)     LOO 


li  67    7  .", 


«?p= 


For  I) 


7.:> 
3,940  sec.-ft. 
12  hours: 


0.6    7  5 
=  10.5  hotir- 


..7    10.5 
=  28.0  hours 

61      LOO) 


9v= 


I   ...I    : 


10.5 
-in  Bec.-ft 


II.  n  I    l|\ii     1    Mil  I 


lnnv- 

mental 

runiiit. 
Inches 

q,  for 

V,  fur 
Incre- 
nil  nt  il 
ninofl 

Begin 
tune ' 

rnt.il  nj 

Tune, 
hours 

time ' 

turn' ' 

n  1 

• 

170 

n 

l  2 

. 

i 

II   l 

3  t 

- 

7 

a  i 

-i 
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Example  1. — Maximum  Probable  Flood — Continued. 


General  procedure 

Specific  application 

8.    Plot  maximum  probable  flood  as  follows: 

8.  See  fig.  15. 

(a)    Plot  incremental  triangular  hydrographs  on  plain 

coordinate  paper. 

(b)   Add  ordinates  of  plotted  hydrograph  of  maximum 

probable  flood.     Ordinates  need  be  added  only  at 

the  times  represented  by  the  start,  peak,  and  end 

of  each  incremental  hydrograph. 
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Figure  75.     Design  flood — example  1. 
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Example  2 — Flood  Less  Than  tin    Maximum  ProbabU      Assumption     1 


ipplicaUon 


Design  storm  values  less  than  the  probable  maximum 
provide  the  basis  fur  this  flood  \  rainfall  reduction 
factor  i>  obtained  for  geographical  location  from  tin.  <i. 
\|)|>l>  this  ratio  directly  to  design  storm  values  as 
aged  m  step  3(c)  of  example  1,  giving  reduced 
design  storm   values      Distribution   remains   in  same 


The  hydrologic  soil-cover  complex  will  have  been  estab- 
lished for  computation  of  a  maximum  probable  Mood 
p  t  of  example  1).     Direct  runoff  from  the  reduced 

design  storm  Is  computed  by  the  same  procedure  as  out- 
lined in  Step  •">  of  example   1   1  nit   using  the  runoff  curve 

representing  antecedenl  condition  ill  moisture  supply 
(which  assumes  watershed  soils  to  be  wel  al  the  begin- 
ning of  the  design  storm).     See  table  A  5,  curve  eon- 

OnS   (appendix     \ 


The  time  of  concentration  for  the  watershed  will  lie  the 
same  SS  that  determined  when  computing  the  maxi- 
mum probable  flood  (step  6  <>f  example  i 

Compute  triangular  hydrograph  for  each   increment    of 

runoff.  The  triangular  unitgraphs  for  the  time  inter- 
vals,  l>,  used  for  computing  the  maximum  probable 

flood  are  applicable  (step  7  of  example   I). 


Plot    tlie   total   Hood   livdrouraph   as   disCUSSed   m   Step   B 
of  example   1. 


I    For   Peoria   County,    li 

tion       1   2  ti,  or  0 


factor  equals   'i.ti.     Reduo- 


KKDI'i   I  I)   DE8ION   -  I  o|<xi 
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16  | 
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1 1  \  •■  reduoad 
rain,  1 

li  7 
1    1 

i  a 

7  5 
10.9 

11    0 

Ilirr. 

redo 

lane.  , 

II    1 

ii  ; 

1    'J 

7 

.'  8 

1  1 

.9 

4  n 

1    1 

7 

'•  12 

1   1. 

ia  ji 

1    1 

.■I  i- 

1   II 

1  Prom  Map  8(c),  example  I 

2.   Curve  <>.r),  condition  II,  converts  to  curve  H'.i,  condition 
III      (See  table  \   "».  appendix  \ 

B8TIMATED  DIRECT  Rl  \"i  i      \.-si  MPTION    \ 
[Valuea  In  In 


Time, 

Incre- 
mental 

ram 

.riiu- 

laUve 

rain 

Runofl 

Incre- 

hours 

una- 
laUve 

Incre- 
mental 

0.02 
.30 

■•- 
3.5 
1.1 

.65 
1.3 

.5 
0 

mental 

loss 

0-1 

0.7 

.  7 

4.0 
1.2 
7 
1.6 
1.1 
1   l> 

0.7 
1.4 
2  3 
6.3 

7  :. 

8.2 

10.9 
11.9 

0.02 

,33 

.90 

4  4 

5.5 

0.68 

I   J 

.40 

3J 

:i  i 

.8 

4-5     . 

1 

.05 

i.  12 

.30 

.60 

M  i- 

-  1  3D 

1  This  value  from  curve  eaves  zero  loss  for  hour  S-6i  therefore  use  0.05  ineh 

»ir  loss  (or  this  period  and  subsequent  periods. 
•'  Total  loss  capacity;  eiceeaa  rainfall  Increment 

3.    Tc  =  ~i.b  hours. 


I'LOTTINC  TABLE-FLOOD  ASSIWII'TP 


Time. 
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mental 

j,  for 
1.00 

ineh 

q,  for 
incre- 
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Incremental  hydrographs 
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rnnoff, 
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Begin 

lime  ' 

time  ■ 

End 

time  I 

n  1 

i  a 

j  .i 
a  i 

0  03 

311 
- 
3.5 

1  1 

1  3 

5.000 
5.900 

130 

1.77H 

0 

1 

3 

i 

ia 

.1 

'. 
7 
8 

a 

in 

13  5 
22.5 

13  4 

14  I 

15  4 

1-.   4 

17  4 

1*   4 

s  u 

I-1  .'1 

-■'■ 

Bran 
'i,  valuea    ascond-teel 

"i     The  plotted  hydrograph  is  shown  on  fig,  l « » 
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40 
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EXAMPLE     3 

FLOOD    LESS    THAN    MAXIMUM    PROBABLE 

ASSUMPTION    B 


I  square  miles 
ain-  24  hours  10.9  inches 
unoff  5  8  inches 

,8   inches  from  61  square  miles 
8x61x53.33  =  18,900  acre-feet 


20  22  24 
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Figure  16.     Design  flood — examples  2  and  3. 


Example  3. — Flood  Less  Than  the  Maximum  Prohabli — Assumption  B 

1 .  The  computational  procedure  is  the  same  as  previously  outlined.  Design  storm  values  are  the  same  as  those  for  example 
2.  Direct  runoff  is  computed  assuming  soil  moisture  of  the  watershed  before  the  design  storm  begins  to  be  represented 
by  antecedent  condition  II  (curve  65,  see  step  4  of  example  1). 

2.  Computation  of  direct  runoff  and  plotting  data  can  be  combined  into  one  table  as  follows: 


Incremen- 
tal rain, 
inches  i 

Accumula- 
tive rain, 
inches  ' 

Runoff,  inches 

Incremen- 
tal loss, 
inches 

qp  for  l.oo 
inch 

qP  for  in- 
cremental 
runoff 

Incremental  hydrographs 

'I  ime,  hours 

Accumula- 
tive - 

Incremen- 
tal 

Begin 
time 

Peak 
time 

End 

time 

l)-]   ... 

11.7 

,9 

4.0 
1.2 

1.6 

1.  1 

0.7 
1.4 
2.  3 
6.  3 
7.0 

8  2 

9  s 
10.9 

(I 
.02 
.22 
2  58 
:(.  50 
4.  05 
(5.4) 

t) 

.02 

.20 
2.  36 

.92 
55 
1.3 

.5 

0.7 
.68 
68 
1 .  64 

.28 
.  l.r> 

3.  30 
i.  60 

ll 
120 

1 .  200 
13.920 
5,  43(1 
3.  240 
5,  120 
1.400 

ii 
1 

2 
3 
4 
5 
(i 
12 

0 
6 

8 
9 
10 

13.5 
22.  5 

0 

!     -' 

5,  900 

5,  900 

5,  900 
5,  900 
5,900 

3.  940 

2,  Sill 

14  4 

2  3. 

15  4 

3   1 

lij.  4 

I  5 

17  4 

;,  6 

18  4 

B-12 

26  0 

12-24 

4(1.0 

1  From  step  l  of  example  2. 


-'  From  fig.  A-4  (appendix  A)  for  curve  05 


3  I'se  (1.05  inch  per  hour. 
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I'!,,-  plotted  hydrograph  i~  shown  on  figure  16 

.1    Computation  of  Inflow  Design  Floods     M  i  stoj 
Meridian.       I      Maximum  />r>>l><tl>/i    flood. 
The  computational  procedure  ia  the  Bame  as  previ- 
ously described  except  tlmi  the  following  procedure 
i-  used  for  estimating  1 1 1  *  -  Btorm  and  tin-  runoff: 

I '•.(•  figure  ■>  to  obtain  the  6-hour  point  rainfall 
values  for  the  probable  maximum  design  Btorm 

lTse  figure  5  to  adjust  the  | >•  > ■  1 1 1  Btorm  value-  to 
values  represent  ing  a\  erage  rainfall  <>\  er  i  he  given 
drainage  hum 

The  design  Btorm  is  extended  f<»i'  durations 
longer  than  6  hours  l»\  the  constants  tabulated  in 
table  I ,  section  15 

1 1 1 Mirl  \  amounts  of  rainfall  within  t  he  maximum 
6-hour  period  arc  obtained  from  appropriate  zonal 
curve,  figure  l  The  order  <»f  hourly  distribution 
within  the  maximum  6-hour  period  is  the  same  as 
given  previously;  that  is,  the  hourly  amounts  in 
descending  order  from  l  through  6  hours  obtained 
from  a  curve  on  figure  I  arc  rearranged  in  the 
following  order  of  magnitude:  •'».  4,  3,  l,  2,  5. 

Direct  runoff  is  computed  assuming  soil  moisture 
supply  preceding  the  design  Btorm  to  be  repre- 
sented l>\  antecedent  condition  III.  This  is  a 
more  severe  runoff  producing  assumption  than 
that  assumed  for  similar  condition-  east  of  the 
105°  meridian.  However,  as  discussed  in  section 
design  storm  values  west  of  the  105°  meridian 
represenl  probable  maximum  Btorm  values  which 
are  less  severe  than  probable  maximum  precipi- 
tation values.  The  occurrence  of  a  probable 
maximum  storm  when  watershed  soils  are  wet  is  a 
reasonable  assumption  when  maximum  storm 
values  are  used.  The  limiting  retention  rates 
gn  en  in  sect  ion  46(c)  arc  used. 

/•/<»,«/  1(88  than  tin  maximum  probabh 
assumption  A.  The  design  storm  reduction  factor 
is  obtained  from  figure  7.  After  applying  this 
factor,  runoff  i>  estimate. I  assuming  antecedent 
condition  III.  and  the  hydrograph  is  computed  as 
previously  discussed 

Flood   less    tlmi*    tin    maximum    probablt 
assumption  B.     Design  Btorm  values  are  the  same 
as  for  assumption  A.     Runoff  is  estimated  assum- 
ing antecedent   condition   II.  and  the  hydrograph 
is  computed  as  previously  discussed. 
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The  figure*  In  the  last  column  show  the  value  >>f  I 
tti:it.  in  connection  with  the  coerTicienl  of  skew  shown  In  i!  e  to  si  column  "ill 
produce  plotting  polnl  of  a  line  tl  '  on  I".'   probabllit)  p 

i  he  column  "Terms  over  mean  percent"  represents  I  he  point  ol  ■ 
of  that  straight  line  «  uli  the  mean  value  "f lh< 

Reprinted  by  permission  from  \    llazen's  "Flood  Flows." 

54.  Frequency  Curve  Computations.  information 
shown  on  figures  17  and  Is  gives  the  mathematical 
procedure  for  computing  frequency  curves  by 
lla/.en's  method.  Engineers  basing  decisions  on 
results  of  Mood  frequency  computations  should 
keep  in  mind  the  points  brief!}  discussed  in  section 
12 
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Probability   Data  for 
Annual   Peak  Discharge 
Ashley  Creek  near  Vernal,  Utah 
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Figure  17.      Frequency  curve  computations — Hazen's  method.      (Sheet  1  of  2.) 
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COMPUTATIONAL    STEPS    FOR    FIGURE     17 
i    Tobulote  doto  >n  columns  i  ond  2    If  record  is  broken,  try  to  fill 
gops  by  correlotion  with  nearby    records    if  no  correlations 
ore  possible,  use  ovoilable  doto  os  continuous  record.   Consult 
other  references  for  unusuol    coses  such  os  one  eitreme  event 
or  incorporation   of  historical    flows  into  current    record 
2  Column  J.-  List  items  from  column  2  in  descending  order  of  mognitude 
j  Column  4.-  See  tobie  5. 

4  Column  5.- ioo  -  column  4  values 

5  Column  6. -Ratio  of  individual  item  in  column  3  to  arithmetical 

meon  of  items  m   column   J 

6  Complete    columns  7,8,9  by  mdicoted    computations 

7  Compute  Coefficient  of  Vonotion   ond   Coefficient  of  Skew    by 

equations   shown   in  (A). 

8  Fill  in  values   column   II   from   table  4. 

9  Complete  columns  12,  13,  14  by   indicated  computations 

10  Columns  1 3  and  14  give  volues  for  0  curve  which  should  fit  the  doto 
in  columns  6  ond   3  respectively     Test  of  fit  is  obtained    by 
plotting   volues  column  4  vs  column  6  and   column  10  vs  column  13 
on  logarithmic    probability  paper  See  IBI  on  left  The  same  test 
of  fit   moy  be  mode  by  plotting  on  log    log  poper    the  volues  in 
column  5  vs  column  3,ond  drowmg   the  curve   through  the 
points  defined    by    volues  in  column  10  divided  into  100  vs  column 
14  volues     I  This    plotting  not  shown.) 


Figure   17.      Frequency    curve    computations- 
(Sheet  2  of  2.) 


-Haien's    method. 
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(A)  AVERAGE   COEFFICIENTS   OF    VARIATION    AND   SKEW 
(For  Peak  Dischorges  m  Second -Feet) 
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EXPLANATION 

Given  Areo,  ungoged  water  shed  (500  sq  mi  ) 

Records  of  comparable  streoms  m  vicinity 
Required    Frequency  curve  of  probable   peak  discharge  for  500 

sq   mi. 
Procedure 

1  Compute  meon,  cv  ond  c  S   for  exh  record  See  fig  I7u ) 

2  Tobulote  doto  as  shown  m  ia)  and   determine  weighted 

overage  c  v  ond  c  s  as  shown 

3  Plot  mean  volues  vs  respective   drqmage  area  on  log  log 

paper  as  shown  m  |BI 

4  Draw  mean  line  through  plotted  points 

5  Enter  plot  ib)  with  ungoged  areo  isooi.reod  meon  (2.0001. 

6  Compute  curve  for  ungoged  orea  using 

a  Mean, 2,ooo  second-feet 
t  Averoge  cs.  ond  Cv.  (seeiAil. 

c  Procedure   outlined    by  columns  10   through    4  of  figure 
ItlAI 


3         43678900  2  3        4       56769  1,000 

AREA    IN    SQUARE  MILES 


(B)  MEAN    ANNUAL    PEAK    OISCHARGE  -  VERSUS    DRAINAGE    AREA 


Figure   18.      Flood  frequency  study — ungated  basin 
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DESIGN  OF  SMALL  DAMS 


Table  5. — Plotting  points  for  probability  paper  for  series  ranging  from  13  to  4O  terms  ' 


TERMS   IX   RECORD 


13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

3.85 

i 

3. 33 

3  13 

2.94 

2.78 

2.63 

2.50 

2.38 

2.27 

2.17 

2.08 

2.00 

1.92 

1.85 

1.79 

1.72 

1.67 

1.61 

1.56 

1.52 

1.47 

1.43 

1.39 

1.35 

1.32 

1.28 

1.25 

11.54 

10  71 

10.00 

9.38 

8.  vj 

8.33 

7.89 

7.50 

7.14 

6.82 

6.52 

6.25 

6.00 

5.77 

5.56 

5.36 

5.17 

5.00 

4.84 

4.69 

4.55 

4.41 

4.29 

4.17 

4.05 

3.95 

3.85 

3.75 

19.23 

16.67 

15.62 

14.71 

13.89 

13.16 

12.50 

11.90 

11.36 

10.87 

10.  42 

10.00 

9.62 

9.26 

8.93 

8.62 

8.33 

8.06 

7.81 

7.58 

7.35 

7.14 

6.94 

6.76 

6.58 

6.41 

6.25 

26.  92 

25.  00 

23.  33 

21.87 

20.  59 

19.44 

18.42 

17.50 

16.67 

15.91 

15.22 

14.58 

14.00 

13.46 

12.96 

12.50 

12.07 

11.67 

11.29 

10.94 

10.61 

10.29 

10.00 

9.72 

9.46 

9.21 

8.97 

8.75 

34.  62 

32  14 

3d  no 

28.12 

26.  47 

25.00 

23.68 

22.50 

21 .  43 

20.  45 

19.57 

18.75 

18.00 

17.31 

16.67 

16.07 

15.52 

15.00 

14.52 

14.06 

13.64 

13.24 

12.86 

12.50 

12.16 

11.84 

11.54 

11.25 

42.31 

39.  29 

36.  67 

34.37 

32.  35 

30.  56 

28.95 

27.50 

26.19 

25.  00 

23.91 

22.92 

22.  00 

21.15 

20.  37 

19.64 

18.97 

18.33 

17.74 

17.19 

16.67 

16.18 

15.71 

15.28 

14.86 

14.47 

14.10 

13.75 

50.00 

46  43 

43.  33 

40.62 

38.  24 

36.11 

34.21 

32.  50 

30.  95 

29.55 

28.26 

27.08 

26.00 

25.00 

24.07 

23.21 

22.41 

21.  67 

20.97 

20.31 

19.70 

19.12 

18.57 

18.06 

17.57 

17.11 

16.67 

16.25 

57.  69 

53.  57 

50.  00 

46  87 

44.12 

11.67 

39.47 

37.  50 

35.71 

34.09 

32.  61 

31.25 

30.00 

28.85 

27.78 

26.79 

25.86 

25.00 

24.  19 

23.  44 

22.73 

22.06 

21.43 

20.83 

20.27 

19.74 

19.23 
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65.38 

60.71 

56.  67 

53.12 

50.  (Hi 

47.  22 

44.74 

42.  50 

40.48 

38.64 

36  96 

35.42 

34.00 

32.69 

31.48 

30.  36 

29.31 

28.33 
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26.  56 

25.76 
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30.00 

29.17 

28.38 

27.63 
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82.14 

76  67 

71.87 

67.  65 

63.89 

60.53 

57.50 

54.76 

52.27 

50.  00 

47.  92 

46.00 

44.23 

42.59 

41.07 

39.66 
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34.85 
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31.94 
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29.49 

28.75 
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59.52 

56  B2 

54.  35 

52.08 

50  00 
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46.30 
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40.32 

39.06 

37.88 
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32.05 

31.25 
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64.  29 
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48.21 

46.55 
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42  19 
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39  71 

38.57 

37.50 

36.  49 

35.53 

34.62 

33.75 

90.62 

85.29 
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72.50 

69.  05 

65.91 

63.04 

60.42 

58.00 

55.  77 

53.70 

51.79 

50.00 

48.33 

46.77 

45.31 

43.94 

42.65 

41.43 

40.28 

39.19 

38.16 

37.18 

36.25 

II    .- 

91.18 

86.11 

81.58 

77.50 

73.81 

70.  45 

67.39 

64.58 

62.00 

59.62 

57.41 

55.36 

53.45 

51.67 

50.00 

48.44 

46.97 

45.59 

44.29 

43.06 

41.89 

40.79 

39.  74 

38.75 

97.06 

91.67 

86.84 

82.  50 

78  57 

75.  00 

71.74 

os   7." 

66  00 

63.  46 

61.11 

58.93 

56.90 

55.00 

53.23 

51.  56 

50.00 

48.53 

47.14 

45.83 

44.59 

43,42 

42.31 

41.25 

97.  22 

92.11 

87.  50 

83  33 

79.55 

76.09 

72.92 

70.00 

67.  31 

64.81 

62.  50 

60.35 

58.33 

56.45 

54  69 

53.03 

51.47 

50.00 

48.61 

47.30 

46.05 

14.87 

43.75 

97.37 

92.50 

V-.   10 

84.09 

80.43 

77.08 

74.00 

71.15 

68.52 

66.07 

63.79 

61.  67 

59.68 

57.81 

56.  06 

54.41 

52.86 

51.39 

50.00 

48.08 

47.44 

46.25 

97.50 

92.86 

88.64 

84.78 

81.25 

78.00 

75.00 

72.  22 

69.64 

67.24 

65.00 

62.90 

60.94 

59.09 

57.  35 

55.  71 

54.  17 

52.70 

51,32 

50.00 

48.75 

97.62 

93.18 

89.13 

85.42 

82.00 

78.85 

75.  93 

73.  21 

70.69 

68.33 

66.13 

64  06 

62.  12 

60.29 

58.57 

56.  04 

55.41 

53.95 

52.56 

51.25 

97.73 

93.48 

86.00 

82.69 

79.63 

76.79 

74.14 

71.67 

69.  35 

67.  19 

65.  15 

63.24 

61.43 

59.  72 

58.11 

56.58 

55. 13 

53.75 

97.83 

93.75 

90.00 

86.54 

83.33 

80.36 

77.59 

75.00 

72.  58 

70.31 

68.18 

66.  18 

64.29 

62.50 

60.81 

59.21 

57.  69  56.  25 

97.92 

94.00 

90.38 

87.04 

83.93 

81.03 

78.33 

75.81 

73.44 

71,21 

69.12 

67.14 

65.28 

63.  51 

61.84 

60.  26  58  75 

98.00 

94.23 

90.74 

87.50 

84.48 

81.67 

79.03 

76.56 

74  24 

72.  06 

70.00 

68  00 

66.  22 

64.47 

62.82  61.25 

98.08 

94.44 

91.07 

87.93 

85.00 

82.26 

79.69 

77,27 

75.00 

72.  86 

70.83 

68.92 

07.11 

65.  38  63.  75 

98.  15 

94.64 
98.21 

91.38 
94.83 
98.28 

88.33 
91.67 
95.00 
98.33 

85.48 
88.71 
91.94 
95.16 
98.39 

82.81 
85.94 
89.06 
92.19 
95.31 
98.44 

80.30 
83.33 
86.36 
89.39 
92.42 
95.45 
98.48 

77.94 
80.88 
83.82 
86.76 
89.71 
92.65 
95.59 

75.71 
78.  57 
81.43 
84.29 
87.14 
90.00 
92.86 

73.61 
76.39 
79.17 
81.94 
84.72 
87.50 

01)    _N 

71.62 
74.  32 
77.03 
79.73 
82.43 
85.14 
87.84 

69.74 
72.37 
75.00 
77.63 
80.26 
82.89 
85.53 

67.  95 
70.51 
73.08 
75.64 
78.21 
80.77 
83.33 

66.25 
68.75 
71.25 
73.75 
76.25 
78.75 
81.25 

98.53 

95.71 

93.06 

90.54  88.16 

85.90 

83.75 

98.57 

95.83 
98.61 

93.24 
95.95 
98.65 

90.79 
93.42 
96.05 
98.68 

88.46 
91.03 
93.59 
96.15 
98.72 

86.25 
88.75 
91.25 
93.75 
96.25 
98.75 

1  Reprinted  by  permission  from  A.  Hazen's  "Flood  Flows.' 
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Selection  of  Type  of  Dam 


H    G    ARTHUR 


A.     CLASSIFICATION  OF  TYPES 


56.  General.       Hums    may    he    classified    into    n 

number  of  differenl  categories,  depending  upon 
the  purpose  of  the  classification.  For  the  pur- 
of  tin-  manual,  ii  is  convenient  to  consider 
three  broad  classifications  according  to:  Use, 
hydraulic  design,  or  materials  comprising  the 
■i  rucl  ure. 

57.  Classification  According  to  Use.       Dams    nniv 

be  classified  according  to  the  broad  function  which 
they  are  to  serve,  Buch  as  storage,  diversion,  or 
detention.  Refinements  of  classification  can  also 
be  made  by  considering  specific  functions  involved. 

Storagt  dams  are  constructed  to  impound  water 
in  periods  of  BUrplus  supply  for  use  in  periods  of 
deficient  supply.  These  periods  may  be  seasonal, 
annual,  or  longer.  Many  small  dams  impound 
the  spring  runoff  for  use  in  the  summer  dry  Beason 
Storage  dams  may  he  further  classified  according 
to  the  purpose  of  the  storage,  such  as  water  supply, 
recreation,  fish  and  wildlife,  hydroelectric  power 
generation,  irrigation,  etc.  The  specific  purpose 
or  purposes  which  are  to  he  served  by  a  Btorage 
dam  often  have  an  influence  in  the  design  of  the 
structure,  and  may  establish  criteria  such  as  the 
amount  of  reservoir  fluctuation  which  may  he 
expected  and  the  amount  of  reservoir  seepage 
which  may  lie  permitted.  Figure  l"  shows  a 
small  earthlill  storage  dam.  and  figure  '-'<)  show-  a 
concrete-gravity  structure  serving  hoth  diversion 
and  Btorage  purposi 

Diversion  dams  are  ordinarily  constructed  to 
provide  head  for  carrying  water  into  ditches, 
canals,  or  other  conveyance  Bystems  to  the  place 
of  use.  They  are  used  for  irrigation  developments, 
for  diversion  from  a  live  stream  to  an  olF-channel- 
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location  Btorage  reservoir,  for  municipal  and  in- 
dustrial uses,  <>r  for  any  combination  of  the  above. 

Figure  '2\  shows  a  typical  small  diversion  dam. 

Detention  dams  are  constructed  to  retard  flood 
runoff  and  minimize  the  effect  of  sudden  flood- 
Detention  dams  fall  into  two  main  types.  In 
one  type,  the  water  is  temporarily  stored, and 
released  through  an  outlet  structure  at  a  rate 
which  will  not  exceed  the  carrying  capacity  of  the 
channel  downstream.  In  the  other  type,  the 
water  is  held  as  lonjr  a-  possible  and  allowed  to 
Beep  into  pervious  hanks  or  gravel  strata  in  the 
foundation.  The  latter  type  is  sometimes  called 
a  water-spreading  dam  or  dike  because  it-  main 
purpose  is  to  recharge  the  underground  water 
supply.  Detention  dams  are  also  constructed  to 
trap  sediment.  These  often  are  called  debris 
dam-. 

Although  this  is  not  as  coin tnon  on  small  projects 
a-  on  large  developments,  often  dams  are  con- 
structed to  serve  more  than  one  purpose.  Where 
multiple  purposes  are  involved,  a  reservoir  allo- 
cation is  usually  made  to  each  of  the  separate 
uses.  A  common  multipurpose  project  involving 
small  dams  combines  Btorage,  flood  control,  and 
recreational  uses 

58.  Classification  by  Hydraulic  Design.  D  a  m  - 
may  also  he  classified   a-  overflow    or  nonoverllow 

dams 

Overflow  dams  are  designed  to  carry  discharge 

over  their  crests.      They  must  he  made  of  materials 
which    will    not     he    eroded    by    such    dischat  : 
Concrete,  masonry,  Bteel,  and  wood  are  required 
excepting  for  overflow  structure-  only  a  few   feet 
high. 

Nonoverflow  •lams  are  those  which  are  not 
designed  to  he  overtopped.     This  type  of  design 
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Figure  19.     Crescent  Lake  Dam,  a  small  earthfill  storage  dam  on  Crescent  Creek  in  Oregon.      806-126-92. 


extends  the  choice  of  materials  to  include  earthfill 
and  rockfill  dams. 

Often  the  two  types  are  combined  to  form  a 
composite  structure  consisting  of,  for  example,  an 
overflow  concrete  gravity  dam  with  dikes  of  earth- 
fill  construction  Figure  22  shows  a  composite 
structure  built  by  the  Bureau  of  Reclamation. 

59.  Classification  by  Materials.- — The  most  com- 
mon classification  used  for  purposes  of  discussion 
of  design  procedures  is  based  upon  the  materials 
comprising  the  structure.  This  classification  also 
usually  recognizes  the  basic  type  of  design  such  as, 
for  example,  concrete  gravity  dam  or  concrete 
arch  dam. 

This  text  is  limited  in  scope  to  consideration  of 
the  more  common  type  of  small  dams  which  are 
constructed  under  present  day  conditions;  namely, 
eartkfiU,  rockfill,  and  concrete  gravity.  Other  types 
of  dams,   including   concrete    arch,   concrete    hut- 


tress,  and  timber  dams,  are  discussed  briefly,  with 
an  explanation  of  why  their  designs  are  not  con- 
tained in  this  text. 

60.  Earthfill. — Earthfill  dams  are  the  most  com- 
mon type  of  dam,  principally  because  their  con- 
struction involves  utilization  of  materials  in  the 
natural  state  requiring  a  minimum  of  processing. 
Moreover,  the  foundation  requirements  for  earth- 
fill  dams  are  less  stringent  than  for  other  types. 
It  is  likely  that  earthfill  dams  will  continue  to  be 
more  prevalent  than  other  types  for  storage 
purposes,  partly  because  the  number  of  sites 
favorable  for  concrete  structures  is  decreasing  as 
a  result  of  extensive  water  storage  development, 
particularly  in  arid  and  semiarid  regions  where 
the  conservation  of  water  for  irrigation  is  a  funda- 
mental necessity. 

Although  the  earthfill  classification  includes 
several  types,   the  development   of  modern  exca- 
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Figure  20.      Black  Canyon  Dam,  a  concrete-gravity  storage  and  diversion  structure  on  the  Payette  River  in  Idaho.      Boise  2304. 


vating,  hauling,  and  compacting  equipment  for 
earth  materials  has  made  the  rolled-fill  type  so 
economical  as  to  virtually  replace  the  semi- 
hydraulic-    and    hydraulic-fill    types   of   earthfill 

dams.  'Phis  is  ('specially  true  for  the  construction 
of  small  structures  where  the  relatively  small 
amount  of  material  to  be  handled  preclude-  the 
establishment  of  the  large  plant  required  for  effi- 
cient  hydraulic  operations.  For  t  his  reason,  only 
the  rolled-fill  type  of  earthfill  dam  is  treated  in 
this  text  Earthfill  dams  of  the  rolled-fill  type 
are  further  classified  as  "homogeneous,"  "zoned," 
or  "diaphragm,"  as  described  in  chapter  Y 

Earthfill  dams  require  supplementary  structures 
.  e  as  spillvt  a\  -      The  principal  disadvantage 

of  an  earthfill  dam  is  that  it  will  he  damaged  or 
even  may  be  destroyed  under  the  erosive  action  of 
water  flowing  over  it  if  sufficient  spillwa;  capacity 

is  not  provided        It  is  also  8ubject  to  serious  dam- 


age or  even  failure  due  to  burrowing  of  animals  un- 
less special  precautions  are  taken.  I  'nless  the  site 
is  offstream,  provision  must  be  made  for  diversion 
of  the  stream  during  construction  through  the 
damsite  by  means  of  a  conduit .  or  around  the  dam- 
site  by  means  of  a  tunnel.  Otherwise,  special  pro- 
visions, including  the  use  of  heavy  rock  sections, 
must  he  incorporated  in  the  design  to  permit  over- 
flowing of  the  embankment  during  construction. 
This  latter  type  of  diversion  should  he  attempted 
only  by  those  experienced  in  this  field. 

61.  Rockfill.  The  rocklill  dam  uses  rock  of  all 
size-  to  provide  stability  and  an  impervious  mem- 
brane to  provide  water  tightness.  The  membrane 
may  he  an  upstream  facing  of  impervious  soil,  a 
concrete  slab,  asphaltic  concrete  paving,  steel 
plate-  or  another  similar  device:  or  it  may  he  an 
interior  thin  core  of  impervious  soil. 

Like  the  earth  embankments,  the  rocklill  dam  l- 
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Figure  21.     Murdock  Diversion  Dam,  a  small  diversion  structure  on  the  Provo  River  in  northern  Utah. 


subject  to  damage  or  destruction  by  the  overflow 
of  water  and  so  must  be  provided  with  a  spillway 
of  adequate  capacity  to  prevent  overtopping  of  the 
dam.  An  exception  is  the  extremely  low  diversion 
dam  where  the  rockfill  facing  is  designed  specifi- 
cally to  withstand  overflows.  Rockfill  dams  re- 
quire foundations  which  will  not  be  subject  to 
settlement  of  magnitudes  sufficient  to  rupture  the 
watertight  membrane.  The  only  suitable  founda- 
tions, therefore,  are  rock  or  compact  sand  and 
gravel. 

The  rockfill  type  is  adapted  to  remote  locations 
where  the  supply  of  good  rock  is  ample,  where 
suitable  soil  for  an  earthfill  dam  is  not  available, 
and  where  the  construction  of  a  concrete  dam 
would  be  too  costly. 

62.  Concrete  Gravity.  The  concrete  gravity 
dam  is  adapted  to  sites  where  there  is  a  reasonably 
sound  rock  foundation,  although  low  structures 
may  be  founded  on  alluvial  foundations  if  ade- 


quate cutoffs  are  provided.  It  is  well  adapted  for 
use  as  an  overflow  spillway  crest  and,  because  of 
this  advantage,  it  is  often  used  for  the  spillway 
feature  of  earthfill  and  rockfill  dams  or  as  the  over- 
flow section  of  a  diversion  dam. 

In  the  early  1900's,  some  gravity  dams  were 
constructed  of  stone.  However,  the  amount  of 
hand  labor  required  in  this  operation  has  been  re- 
sponsible for  the  exclusive  use  of  concrete  in  mod- 
ern gravity  dam  construction. 

Gravity  dams  may  be  either  straight  or  curved 
in  plan.  The  curved  plan  may  offer  some  ad- 
vantage in  both  cost  and  safety.  Also,  occasion- 
ally the  upstream  curvature  will  locate  that  part 
of  the  dam  on  higher  bedrock  foundation. 

63.  Concrete  Arch. — A  concrete  arch  dam  is 
adaptable  to  sites  where  the  ratio  of  width  between 
abutments  to  height  is  not  great  and  where  the 
foundation  at  the  abutments  is  solid  rock  capable 
of  resisting  arch  thrust.     Because  the  design  of  an 
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Figure  22.      Olympus  Dam,  a  combination  earthfill  and  concrete-gravity  structure  on  the  Big  Thompson  River  in  Colorado.      The 
concrete  section  contains  the  spillway  and  an  outlet  works  to  a  canal.      245-704-3117. 


arch  dam  Lb  quite  specialized,  a  detailed  discussion 
of  this  type  of  design  is  not  included  in  this  text. 
64  Concrete  Buttress.  Buttress  dams  comprise 
(hit  deck  and  multiple  arch  structures.  Thej  re- 
quire aboul  60  percent  le<s  concrete  than  solid 
gravity  dams,  bul  the  increased  formwork  and  re- 
inforcement -ted  required  usually  offset  the  sav- 
ings in  concrete.  A  number  of  buttress  dams  were 
built  in  the   1930*8  when  the  ratio  of  labor  COSl   to 

materials  cost  was  comparatively  low.     This  type 

of  construction   usuall}    is  not   competitive  with 
other  types  of  dams  when  labor  COSts  are  high. 

The  design  of  buttress  dams  is  based  on  the 
knowledge  and  judgment   that  comes  only  from 

specialized    experience    in    that    field.      Because   of 

this  fact  and  because  « > f  the  limited  application 


for  the  construction  of  buttress  dams  under 
present  day  conditions,  the  design  of  this  type  of 
structure  is  not   included  in  this  text. 

65.  Other  Types.  Dams  of  other  types  than 
those  mentioned  above  have  been  built,  hut  in 
most  oases  thej  meet  some  unusual  local  require- 
ment Or  are  of  an  experimental  nature.  In  a  few 
instances,  structural  steel  has  been  used  both  for 
the  deck  and  for  the  supporting  framework  of 
dams.  Prior  to  1920,  a  number  of  timber  dams 
were  constructed,  particularly  in  the  Northwest. 
The  amount  of  labor  involved  in  the  timber  dam. 
coupled  with  (lie  short  life  of  the  -tincture,  makes 
this  type  of  structure  uneconomical  for  modern 
construction.  This  and  other  uncommon  types 
are  not  t  rested  in  t  his  text . 
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66.  General.  —It  is  only  in  exceptional  circum- 
stances that  an  experienced  designer  can  say  that 

only  ono  type  of  dam  is  suitable  or  most  economical 
for  a  given  damsite.  Except  in  cases  where  the 
selection  of  type  is  obvious,  it  will  be  found  that 
preliminary  designs  and  estimates  will  be  required 
for  several  types  of  dams  before  one  can  be  shown 
to  be  most  economical.  It  is,  therefore,  important 
to  emphasize  that  the  project  is  likely  to  be  unduly 
expensive  unless  decisions  regarding  selection  of 
type  are  based  upon  adequate  study  and  after 
consultation  with  competent  engineers. 

In  the  selection  of  type  for  important  structures, 
it  is  also  usually  advisable  to  secure  the  advice  of 
an  experienced  engineering  geologist  in  connection 
with  the  relative  applicability  of  possible  types 
to  the  foundation  at  the  site. 

In  numerous  cases,  excessive  cost  of  protection 
from  spillway  discharges,  limitations  of  outlet 
works,  and  the  problem  of  diverting  the  stream 
during  construction  have  an  important  bearing 
on  the  selection  of  type.  In  certain  cases,  the 
selection  of  type  may  also  depend  upon  the  avail- 
ability of  labor  and  equipment.  These  may  be 
particularly  important  considerations  when  the 
element  of  time  is  involved.  Inaccessibility  of 
site  may  also  have  an  important  bearing  on  the 
selection. 

The  selection  of  the  best  type  of  dam  for  a 
particular  site  calls  for  thorough  consideration  of 
the  characteristics  of  each  type,  as  related  to  the 
physical  features  of  the  site  and  the  adaptation 
to  the  purposes  the  dam  is  supposed  to  serve,  as 
well  as  economy,  safety,  and  other  pertinent 
limitations.  The  final  choice  of  type  of  dam  will 
generally  be  made  after  consideration  of  those 
factors.  Usually,  the  greatest  single  factor  deter- 
mining the.  final  choice  of  type  of  dam  will  be  the 
cost  of  construction.  The  following  paragraphs 
discuss  important  physical  factors  in  the  choice  of 
type  of  dam 

67.  Topography.  Topography,  in  huge  meas- 
ure, dictates  the  first  choice  of  type  of  dam.  A 
narrow  stream  flowing  between  high,  rocky  walls 
would  naturally  suggest  a  concrete  overflow  dam. 
The  low,  rolling  plains  country  would,  with  equal 
fitness,  suggest  an  earthfill  dam  with  a  separate 
spillway.  For  intermediate  conditions,  other  con- 
siderations   take    on    more    importance,   but    the 


general  principle  of  satisfactory  conformity  to 
natural  conditions  is  a  safe  primary  guide. 

The  location  of  the  spillway  is  an  important 
item  that  will  be  governed  very  largely  by  the 
local  topography  and  will,  in  turn,  have  a  material 
bearing  on  the  final  selection  of  type  of  dam. 

68.  Geology  and  Foundation  Conditions. — Foun- 
dation conditions  depend  upon  the  geological 
character-  and  thickness  of  the  strata  which  are  to 
carry  the  weight  of  the  dam,  their  inclination, 
permeability,  and  relation  to  underlying  strata, 
existing  faults,  and  fissures.  The  foundation  will 
limit  the  choice  of  type  to  a  certain  extent, 
although  such  limitations  will  frequently  be  modi- 
fied, considering  the  height  of  the  proposed  dam. 
The  different  foundations  commonly  encountered 
are  discussed  below: 

(1)  Solid  rock  foundation*,  because  of  rela- 
tively high  bearing  power  and  resistance  to 
erosion  and  percolation,  offer  few  restrictions 
as  to  the  type  of  dam  that  can  be  built  upon 
them.  Economy  of  materials  or  overall  cost 
will  be  the  ruling  factor.  The  removal  of 
disintegrated  rock  together  with  the  sealing 
of  seams  and  fractures  by  grouting  will 
frequently  be  necessary. 

(2)  Gravel  foundations,  if  well  compacted, 
are  suitable  for  earthfill,  rockfill,  and  low 
concrete  gravity  dams.  As  gravel  founda- 
tions are  frequently  subject  to  water  percola- 
tion at  high  rates,  special  precautions  must 
be  taken  to  provide  effective  water  cutoffs  or 
seals. 

(:])  Silt  or  fine  sand  foundations  can  be  used 
for  the  support  of  low  concrete  gravity  dams 
and  earthfill  dams  if  properly  designed,  but 
they  are  not  suitable  for  rockfill  dams.  The 
main  problems  are  settlement,  the  prevention 
of  piping,  excessive  percolation  losses,  and 
protection  of  the  foundation  at  the  down- 
stream toe  from  erosion. 

(4)  Clay  foundations  can  be  used  for  the 
support  of  earthfill  dams  but  require  special 
treatment.  Since  there  may  he  considerable 
settlement  of  the  dam  if  the  clay  is  unconsoli- 
dated and  the  moisture  content  is  high,  clay 
foundations  ordinarily  are  not  suitable  for 
the  construction  of  concrete  gravity  dams, 
and    should    not    be    used    for   rockfill    dams. 
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Testa  <>f  the  foundation  material  in  its  nal  ural 
Btate  are  usually  required  to  determine  the 
consolidation  characteristics  of  the  material 
and  its  ability  to  Bupporl  the  Buperimposed 
load. 

Wonunifortn     foundation*     Occasion- 
ally, situations  maj  occur  where  reasonably 
uniform  foundations  of  any  of  the  foregoing 
descriptions  cannot    be  found   and   where  a 
nonuniform    foundation    <>f    rock    and    soft 
materia]  must  be  used  if  the  dam  is  to  be  built. 
Such  unsatisfactory  conditions  can  often  be 
overcome  by  special  design  features.     Bach 
Bite, however,  presents  a  problem  for  appro- 
priate  treatment    by   experienced   engineers, 
ami  no  attempt  is  made  in  tliis  text  to  treat 
such  unusual  problems. 
The  details  of  the  foundation  treatments  men- 
tioned above  are  given  in  the  appropriate  chapters 
on  the  design  <»f  earthfill,  rockfill,  and  concrete 
gravity  dams. 

69.  Materials  Available.       Materials  for  dam-  of 

various  types,  which  may  sometimes  be  available 

ni  or  near  t  he  site,  are: 

( l )  Soils  for  embankments. 

Rock  for  embankments  and  riprap. 

(3)  Concrete  aggregate  (sand,  gravel,  crushed 
Btone). 

Elimination  or  reduction  of  transportation  ex- 
pense for  construction  materials,  particularly  those 
which  are  used  in  great  quantity,  will  effect  a 
considerable  reduction  in  the  total  cost  of  the 
project,  The  most  economical  type  of  dam  will 
often  he  the  one  for  which  materials  are  to  he 
found  in  sufficient  quantity  within  a  reasonable 

distance  from  the  site. 

The  availability  of  Buitable  sand  and  gravel 
for  concrete  at  a  reasonable  cost  locally  and  per- 
haps even  on  property  which  is  to  he  acquired  for 
the  project  is  a  factor  favorable  to  the  use  of  a 

concrete  structure.  On  the  other  hand,  if  suitable 
soils  for  an  earthfill  dam  can  he  found  in  nearby 
borrow  pits,  an  earthfill  dam  may  prove  to  he  the 
most  economical.  Advantage  should  he  taken  of 
every  local  resource  to  reduce  the  cost  of  the 
project  without  sacrificing  the  efficiency  and  qual- 
ity of  (he  final  structure. 

70.  Spillway  Size  and  Location.  The  spillway  is 
a  vital  appm lenat  c  of  a  dam.  Frequently  its 
Bize  and  type  and  the  natural  restrictions  in  its  lo- 


cation will  be  the  controlling  factor  in  the  choice  of 
the  type  of  dam  Spillway  requirements  are  dic- 
tated primarily  by  the  runoff  and  streamflow  char- 
acteristics, independent  of  Bite  condition-  or  type 

or  size  of  the  dam.       The  Selection  of  specilic  >pill- 

wa\  types  will  be  influenced  by  the  magnitudes  of 

the  Hoods  to  he  bypassed.     Thus,  it  can  lie  seen 

that  on  Btreams  with  large  Hood  potential,  the 
spillway  will  become  the  dominant  structure,  and 
the  selection   of   the   type  of  dam    could    become   a 

secondary  consideration. 

The  cost  of  constructing  a  large  -pillwa\  i-  fre- 
quently a  considerable  portion  of  the  total  COS<  of 
the  development.     In  such  cases,  combining  the 

-pillwa\  ami  dam  into  one  -tincture  may  be  de- 
sirable, indicating  the  adoption  of  a  concrete  over- 
flow dam.  In  certain  instances,  where  excavated 
material  from  separate  spillway  channel-  can  be 
utilized  in  dam  embankment,  an  earthfill  dam  max 
prove  to  be  advantageous.  Small  spillway  re- 
quirements often  favor  the  selection  of  earthfill  or 
rockfill  dams,  even  in  narrow  dam-it <•-. 

The  advisability  or  practice  of  building  overflow 
concrete  spillways  on  earth  or  rock  embankments 
has  generally  been  discouraged  because  of  t  he  more 
conservative  design  assumptions  and  added  care 
needed  to  forestall  failures.  Inherent  problems 
associated  with  such  designs  are:  Unequal  settle- 
ments of  the  structure  due  to  differential  consoli- 
dations of  the  embankment  and  foundation  after 
t  he  reservoir  loads  are  applied  :  t  he  need  for  special 
provision-  to  prevent  cracking  of  the  concrete  or 
opening  of  joints  which  could  permit  leakage  from 
the  channel  into  the  fill,  with  consequent  piping  or 
w  ashin<r  away  of  the  surrounding:  material :  and  the 
construction  delay-  necessitated  by  the  require- 
ment for  having  a  fully  completed  and  seasoned 
dam  before  spillwax  construction  can  be  started. 
Consideration  of  the  above  factors,  coupled  with 
increased  costs  brought  about  by  more  conserva- 
tive construction  details  Buch  as  arbitrary  in- 
creased lining  thickness,  increased  reinforcement 
steel,  cutoffs,  joint  treatment,  drainage,  and  pre- 
loading, have  generally  led  to  selection  of  alterna- 
tive solutions  for  the  spillwax  design  Buch  as  plac- 
ing the  -tincture  over  or  through  the  natural 
material  of  the  abutment  or  under  the  dam  as  a 
conduit. 

One  of  the  common  spillway  arrangements  is  the 
utilization  of  a  channel  excavated  through  one  or 
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both  of  the  abutments  outside  the  limits  of  the 
dam,  or  at  some  point  removed  from  the  dam. 
Where  such  a  location  is  adopted,  the  dam  can  be 
of  the  nonoverflow  type  which  extends  the  choice 
to  include  earthfill  and  rockfill  structures.  Con- 
versely, failure  to  locate  a  site  for  a  spillway  away 
from  the  dam  requires  the  selection  of  a  type  of 
dam  which  can  include  an  overflow  spillway.  The 
spillway  overflow  can  then  be  placed  so  as  to  oc- 
cupy only  a  portion  of  the  main  river  channel,  in 
which  case  the  remainder  of  the  dam  could  be 


either  of  earth,  rock,  or  concrete.     (Olympus  Dam 
(fig.  22)  is  an  example.) 

71 .  Earthquake. — If  the  dam  lies  in  an  area  that  is 
subject  to  earthquake  shocks,  the  design  must  in- 
clude provisions  for  the  added  loading  and  in- 
creased stresses.  The  types  of  structures  best 
suited  to  resist  earthquake  shocks  without  damage 
are  earthfill  and  concrete  gravity  dams.  For 
earthquake  areas,  neither  the  selection  of  type  nor 
the  design  of  the  dam  should  be  undertaken  by 
anyone  who  is  not  experienced  in  this  type  of  work. 


C.    LEGAL,  ECONOMIC,  AND  ESTHETIC  CONSIDERATIONS 


72.  Statutory  Restrictions. — Statutory  restrictions 
exist  with  respect  to  control  of  the  waters  of 
navigable  streams.  Plans  for  diversion  or  control 
of  waters  in  such  streams  are  subject  to  approval 
by  the  Corps  of  Engineers,  U.S.  Department  of  the 
Army.  There  are  numerous  other  Federal  and 
State  regulations  relating  to  dam  construction  and 
operation  which  may  be  determining  factors  in 
the  choice  of  type  of  structure.  Almost  every 
State  has  laws  and  regulations  governing  the  de- 
sign, construction,  and  operation  of  all  dams  and 
reservoirs  of  appreciable  size.  Engineers  or  owners 
considering  dam  construction  in  any  of  the  48 
States  will  find  concise  information  on  what  type 
of  control  is  exercised  by  the  State,  as  well  as  the 
name  and  address  of  the  appropriate  official  and 
agency  which  exercises  such  control  in  the  refer- 
ence "Register  of  Dams  in  the  United  States."  2 
The  proper  authorities  should  be  consulted  before 
proceeding  with  detailed  designs. 

73.  Purpose  and  Benefit-Cost  Relation. — Consider- 
ation of  the  purpose  which  a  dam  is  to  serve  will 
often  suggest  the  type  most  suitable  as,  for  ex- 
ample, whether  its  principal  function  is  to  furnish 
continuous  and  dependable  storage  of  the  water 
supply  for  irrigation,  power,  or  domestic  use;  to 
control  floods  by  detention;  to  regulate  the  flow 
of  the  streams;  or  to  be  a  diversion  dam  or  a  weir 
without  storage  features. 

Few  sites  exist  where  it  would  be  impossible  to 
build  a  dam  that  would  be  safe  and  serviceable, 
but  in  many  instances  conditions  inherent  in  the 


2  Mermel,  T.  W.,  "Register  of  Dams  in  the  United  Slates,"  McOraw-Hill 
Book  Co.,  Inc.,  1958. 


site  will  result  in  a  project  cost  in  excess  of  the 
justifiable  expenditure.  The  results  of  a  search 
for  desirable  dam  sites  often  determine  whether 
a  project  can  be  built  at  a  cost  which  will  be  con- 
sistent with  the  benefits  to  be  derived  from  it. 
Accepted  procedures  are  available  for  evaluating 
the  benefits  for  waterpower,  irrigation,  and  water 
supply  uses;  these  procedures  are  less  well  defined 
for  flood  control;  and  there  is  no  satisfactory 
measure  of  value  for  recreational  projects. 

Justification  for  recreational  development  must 
be  evaluated  on  the  basis  of  a  comparison  of  the 
population  that  will  be  benefited,  the  location  of 
other  projects  of  the  same  kind,  and  the  trend  of 
development  in  the  district  (appreciative  and  de- 
preciative) — all  as  related  to  the  cost  of  the 
project  and  the  money  available.  In  a  case  where 
the  need  is  great  but  the  number  of  people  to  be 
served  is  limited,  the  development  of  an  expensive 
site  may  not  be  justified.  In  another  case,  the 
present  need  may  be  great  but  a  tendency  toward 
decline  of  population  and  property  values  must  be 
considered.  In  both  instances,  the  development 
should  be  made  as  inexpensive  as  possible,  prob- 
ably with  a  low  dam  of  small  storage  capacity. 

74.  Appearance. — In  general,  every  type  of 
structure  should  have  a  finished,  workmanlike 
appearance,  compatible  with  its  functional  pur- 
pose. The  alinement  and  texture  of  finished 
surfaces  should  be  true  to  the  design  requirements 
and  free  from  unsightly  irregularities.  Esthetic 
considerations  may  have  an  important  bearing  on 
the  selection  of  type  of  structure,  especially  one 
which  is  designed  primarily  for  recreational  use. 
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Foundations  and  Construction  Materials 


DR.  J    W    HILF 


A.     SCOPE  OF  INVESTIGATIONS 


75.  General.  Information  relating  to  founda- 
tion conditions  and  to  the  natural  materials  availa- 
ble for  construction  is  essential  for  the  design  of 
small  dam-.  The  investigation  is  conducted  in  the 
office,  in  the  field,  and  in  the  laboratory.  For  ef- 
ficiency, the  Bearch  for  data  must  be  properly 
planned.  Subsurface  explorations  should  not  be 
stalled  until  all  available  geological  and  soils  data 

have  been  evaluated.  The  investigator  should 
know  how  to  classify  Boils  and  rocks  and  should 
have  an  understanding  of  the  geological  and  en- 
gineering characteristics  of  land  forms.  This  back- 
ground and  a  knowledge  of  the  capabilities  and 
limitations  of  the  various  methods  of  subsurface 
exploration  will  lead  to  selection  of  the  most  ap- 
propriate field  methods,  thereby  avoiding  time  and 
effort  lost  through  ineffectual  procedures.  The 
investigator  should  be  familiar  with  logging  and 
sampling  methods  and  with  the  field  and  labora- 
tory tests  used  for  small  dams 

The  scope  of  investigation  of  foundations  and  of 
the  various  types  of  construct  ion  materials  is  given 
in  this  part  of  the  chapter.  Parts  H  through  1 
provide  information  on  the  techniques  and  pro- 
cedures for  making  these  investigations. 

76.  Foundations.  Foundation  investigations  are 
necessary  to  ascertain  whether  a  safe  structure  can 
be  built   at   a  selected  site.      The  preferred   type  of 

structure  can  often  he  determined  by  inspection  of 
the  Bite,  as  described  in  chapter  III.  The  con- 
struction of  a  dam  whose  failure  would  result  in  a 
destructive  flood  involves  a  Berious  public  responsi- 
bility. A  large  number  of  damaging  Hoods  have 
been  caused  by  failures  of  small  dams,     [nvestiga- 

1  Kt,.  -icin 


lions  have  shown  that  many  of  these  failures  were 
due  to  insecure  foundations.  A  considerable  num- 
ber of  failures  attributed  to  other  causes  probably 
originated  in  defective  foundations.  It  is  un- 
doubtedly true  that  many  failures  could  have  been 
averted  by  thorough  investigations,  which  would 
have  led  to  the  selection  of  safe  and  satisfactory 
sites  or  the  adoption  of  provisions  in  design  and 
construction  necessary  to  overcome  defects  in  the 
foundation. 

The  first  and  one  of  the  most  important  steps 
in  the  investigation  of  a  reservoir  is  a  reconnais- 
sance for  the  purpose  of  selecting,  principally 
upon  the  basis  of  topography  and  areal  geology, 
the  mosl  favorable  of  the  potential  dam  sites 
Such  a  reconnaissance  is  a  task  for  both  the 
engineer  and  the  engineering  geologist  and  should 
be  entrusted  only  to  men  experienced  in  work  of 
this  kind.  The  field  work  should  be  preceded  by 
a  study  of  all  available  data  relating  to  the  stream 
and  to  the  area  under  consideration,  including 
examination  of  maps,  air  photos,  and  reports, 
particularly  those  by  the  U.S  Geological  Survey. 
Part  H  of  this  chapter  discusses  t  he  various  sources 
of  information.  A  thorough  reconnaissance  lead- 
ing to  the  selection  of  the  most  desirable  Bite  for 
the  dam,  or  the  elimination  of  as  many  of  the 
potential  dam  sites  as  possible  where  there  is  a. 
choice  of  sites,  may  Bave  many  thousands  of  dollars 
in  exploratory  work. 

Foundation  conditions  are  often  revealed  by  or 

can  be  inferred  from  visual  inspection  of  erosional 

features;  rock  outcrop-;  and  maninade  excavations 
such  as  highway  or  railroad  cuts,  building  excava- 
tions, -oil  pit-,  ami  rock  quarries      Some  informa- 
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tion  on  ground-water  conditions  often  can  be 
obtained  from  local  wells.  The  results  of  the 
field  studies  should  be  sketched  preferably  on  a 
topographic  map,  although  air  photos  can  be  used. 
At  this  stage  of  investigation,  the  sketch  map 
often  can  show  boundaries  of  soil  deposits  and  rock 
outcrops,  location  of  fault  zones  or  other  visible 
geologic  irregularities,  and  the  dip  and  strike  of 
geologic  features  such  as  joints,  bedding,  and 
sheared  zones. 

The  map  should  be  accompanied  by  a  report 
describing  the  various  geologic  features  including 
rock  and  soil  classifications,  types  of  cementing 
materials  that  may  occur  in  the  rock  and  soil, 
and  the  origin  and  mode  of  deposition  of  the 
various  soil  deposits.  The  reconnaissance  report 
should  discuss  the  relationship  of  the  geological 
conditions  to  the  present  and  future  permeability 
of  the  reservoir  and  dam  foundation,  and  to  the 
future  stability  and  permanence  of  the  dam, 
spillway,  and  other  structures.  Readily  apparent 
geological  problems  requiring  resolution  by  further 
investigations  also  should  be  discussed  and  a 
tentative  program  outlining  the  extent  and  char- 
acter of  more  detailed  explorations  for  the  next 
stage  of  investigation  should  be  recommended. 

In  the  feasibility  stage  of  investigation,  sub- 
surface exploration  of  the  foundation  is  needed 
to  determine  definitely:  (1)  The  depth  to  bedrock 
at  the  damsite,  and  (2)  the  character  of  both  the 
rock  and  the  soils  under  the  dam  and  appurtenant 
structures.  A  line  of  holes  usually  is  required 
at  a  damsite  to  determine  the  bedrock  profile  along 
the  proposed  axis.  Since  any  axis  selected  in  the 
field  is  necessarily  tentative  and  subject  to  adjust- 
ment for  design  reasons,  a  few  additional  holes 
upstream  and  downstream  from  the  axis  are 
desirable.  The  number  of  holes  required  for 
foundation  exploration  of  small  dams  is  determined 
by  the  complexity  of  geological  conditions,  but  the 
maximum  spacing  should  not  exceed  500  feet,  and 
the  depth  of  the  holes  should  be  at  least  equal  to 
the  height  of  the  dam. 

It  is  also  necessary  to  develop  the  subsurface 
conditions  at  possible  locations  for  the  appurtenant 
structures,  such  as  spillways,  outlets,  cutoff 
trenches,  and  tunnel  portals,  to  clarify  any  un- 
resolved geological  problems.  Holes  in  the  areas 
of  appurtenant  structures  usually  should  have  a 
maximum  spacing  of  100  feet  and  should  extend 
below  the  foundation  at  least   \V2  times  the  base 


width  of  the  structure.  For  the  investigation  of 
diversion  dams,  holes  should  be  spaced  a  maximum 
of  100  feet  apart  in  a  pattern  dictated  by  the 
complexity  of  the  foundation.  At  least  one  hole 
should  be  located  at  each  pier  site. 

Although  there  are  many  methods  of  pene- 
trating overburden  soils,  only  those  that  offer  an 
opportunity  for  sampling  and  testing  the  founda- 
tion without  excessive  disturbance  are  recom- 
mended for  exploring  foundations  for  dams. 
Consequently,  wash  borings  for  example,  are  not 
discussed  in  this  text.  Test  pits,  trenches,  tunnels, 
and  large-diameter  auger  borings,  which  permit 
visual  examination  of  the  foundation,  are  excellent 
methods  of  determining  the  character  of  the  over- 
burden and  are  recommended  wherever  they  are 
practicable.  The  recommended  boring  methods 
for  exploring  the  foundation  of  small  dams  are 
rotary  drilling  and  drive  sampling  (standard  pene- 
tration test).  Density  in-place  tests  and  deter- 
mination of  moisture  content  of  soils  above  water 
table  are  desirable.  Borings  in  rock  require  use 
of  a  rotary  drill  and  diamond  bits  to  obtain  cores. 
Approximate  values  of  the  permeability  of  rock 
strata  and  soil  overburden  can  be  determined  by 
water  tests  in  bore  holes.  In  all  subsurface 
exploratory  holes,  it  is  important  to  measure  and 
record  the  depths  to  water  tables  and  the  dates 
of  these  measurements. 

The  report  prepared  on  completion  of  the 
feasibility  stage  should  include  a  large-scale  map 
showing  surface  geology,  locations  of  all  explor- 
atory holes,  and  any  geological  sections  measured 
in  natural  or  manmade  cuts.  Cross  sections 
should  be  prepared  showing  the  known  and  prob- 
able subsurface  geologic  features.  Logs  of  all  holes 
should  be  included.  Figure  23  is  an  example  of  a 
geologic  map  of  a  damsite,  and  a  section  along  the 
centerline  of  the  proposed  dam. 

For  preparation  of  specifications,  additional 
boreholes  may  be  required  in  the  foundations  to 
clarify  critical  geological  questions  or  to  pinpoint 
depth  to  rock  for  preparation  of  detailed  construc- 
tion drawings.  Additional  samples  and  labora- 
tory tests  may  be  required  to  establish  a  firm 
basis  for  design  of  soil  foundations. 

77.  Embankment  Soils.— Some  damsites  require 
considerable  excavation  to  reach  a  competent 
foundation  and,  in  many  cases,  the  excavated 
material  is  satisfactory  for  use  in  portions  of  the 
embankment.     Excavations  for  spillway  and  out- 
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Figure  23.      Geologic  mop  and  section  of  a  damsite 


lei  works  will  also  produce  varying  amounts  of 
usable  material.  A  major  portion  of  embankment 
yardage  for  an  earthfUl  dam,  however,  nearly 
;il\\ a \ a  must  be  borrow yi\. 

Investigation   for   embankment    materials   is  n 


progressive  procedure,  ranging  from  a  cursor} 
inspection  during  the  reconnaissance  >t:ip'  to 
extensive  studies  of  nil  possible  sources  <>f  material 
prior  i<>  undertaking  the  final  design.  A  recon- 
naissance   ol    tin-    materials    situation    ;ii     each 
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prospective  location  should  be  made  before  a 
damsite  is  selected.  Careful  examination  of  exist- 
ing maps,  soil  surveys,  and  air  photos  will  usually 
locate  the  areas  which  should  be  examined  in  the 
field.  Highway  and  railroad  cuts,  arroyos,  and 
banks  along  stream  channels  will  provide  valuable 
clues  to  the  nature  of  the  materials  underlying 
an  area,  and  should  be  examined.  It  will  rarely 
be  necessary  to  excavate  test  pits  or  auger  holes 
in  the  reconnaissance  stage.  Quantity  deter- 
minations can  be  made  by  consideration  of  topo- 
graphic features  and  by  a  few  rough  measure- 
ments, either  on  the  ground  or  on  maps.  The 
reconnaissance  report  should  include  a  sketch  map 
showing  the  locations  of  available  borrow  areas 
with  respect  to  the  damsite,  the  character  of  the 
materials  in  each  area,  and  the  probable  quantity 
of  each.  Local  factors  which  would  affect  the 
use  of  a  deposit  should  be  discussed  in  the  report. 
In  addition  to  the  engineering  properties  of  the 
soils,  many  other  facets  should  be  considered, 
including:  Proximity,  accessibility,  natural  mois- 
ture content,  and  workability  of  the  material; 
costs  of  rights-of-way  and  stripping;  thickness  of 
deposits;  destruction  of  scenic  features,  and 
adverse  topography. 

A  systematic  plan  for  locating  borrow  areas 
should  be  followed  during  the  feasibility  stage  of 
investigations  subsequent  to  the  selection  of  the 
damsite.  To  avoid  overlooking  nearby  areas,  the 
prospecting  should  start  from  the  damsite  and  ex- 
tend outward  in  all  directions.  All  potential 
borrow  areas  within  1  mile  of  the  dam  should  be 
investigated  before  more  distant  sources  are  con- 
sidered. Holes  should  be  dug  at  approximately 
500-foot  centers  on  a  rough  grid  system  in  all 
practicable  locations  within  the  1-mile  limit. 
Earth  augers  should  be  used  wherever  possible, 
but  test  pits  should  be  dug  where  boulders  are  en- 
countered. Holes  should  extend  25  feet  below 
ground  surface  except  where  bedrock  or  water 
table  is  encountered  prior  to  reaching  that  depth. 
Holes  should  be  sampled  and  logged  in  accordance 
with  the  procedures  given  in  parts  G  and  H  of  this 
chapter.  Exploration  at  probable  locations  of 
cutoff  trenches,  for  foundation  stripping,  and  for 
spillways  and  outlet  works  should  be  given  high 
priority  in  the  investigation  plan,  and  more  de- 
tailed work  in  these  areas  is  justified  because  of 
their  possible  early  use  as  sources  of  embankment 
materials.     When  it  becomes  evident  that  a  suffi- 


cient quantity  of  suitable  material  is  not  to  be 
found  within  1  mile  of  the  damsite,  more  distant 
areas  should  be  investigated  according  to  the  plan. 

The  ultimate  purpose  of  a  detailed  borrow  pit 
investigation  is  to  determine  the  depth  of  shovel 
cut  and  the  distribution  of  the  materials  in  the 
embankment.  This  can  be  accomplished  if  a 
sufficient  number  of  holes  is  dug  to  fix  adequately 
the  soil  profiles  in  the  borrow  area.  The  plotting 
of  profiles  on  at  least  500-foot  centers  will  indicate 
whether  additional  holes  are  needed.  It  is  evident 
that  the  more  homogeneous  the  soil  is  in  a  borrow 
area,  the  fewer  holes  will  be  required  to  establish 
the  tentative  profile.  Figure  24  is  an  example  of 
exploration  for  embankment  materials  for  a  dam. 
Soil  classifications  should  be  verified  by  laboratory 
tests  on  representative  samples  of  the  various  ma- 
terials encountered.  A  few  density  in-place  tests 
should  be  made  in  each  borrow  area  to  determine 
the  shrinkage  factor  to  be  applied  between  borrow 
pit  and  compacted  embankment  yardages.  Pro- 
cedures for  this  test  are  given  in  section  114. 

Because  of  changes  in  plan,  errors  in  estimating, 
and  other  contingencies,  large  safety  factors  should 
be  used  in  estimating  quantities  available  from 
borrow  areas.  The  following  criteria  will  assure 
adequate  quantities:  For  a  reconnaissance  report, 
when  it  is  estimated  that  less  than  10,000  cubic 
yards  of  a  type  of  material  is  needed,  10  times  the 
estimated  amount  should  be  located;  for  require- 
ments larger  than  100,000  cubic  yards,  5  times  the 
estimated  amount  should  be  located.  For  feasi- 
bility estimates  based  on  subsurface  explorations, 
these  safety  factors  can  be  cut  in  half.  Even  for 
well-explored  borrow  areas,  at  least  V/2  times  the 
required  quantity  customarily  is  outlined  in  the 
specifications  in  order  to  assure  adequate  quanti- 
ties regardless  of  the  contractor's  choice  of  equip- 
ment and  methods  of  excavation.  Larger  factors 
are  often  used  when  the  existing  information  indi- 
cates the  deposits  are  expected  to  be  erratic. 

78.  Riprap  and  Rockfill. — Riprap  is  a  layer  of 
large,  durable  rock  fragments.  Its  purpose  is  to 
preserve  the  shape  of  a  surface  slope  or  underlying 
structure  by  preventing  erosion  due  to  wave  action 
or  stream  current.  Rockfill  is  embankment  con- 
structed of  rock  fragments  in  portions  of  earthfill 
dams  or  in  rockfill  dams. 

Search  for  suitable  sources  of  riprap  and  rockfill 
is  conducted  in  the  same  general  sequence  as  is 
the    search    for    earth    embankment     materials. 
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Since  riprap  ia  almost  essential  for  an  earthfiU  dam, 
it  is  impractical  t<»  limit  the  extent  <>f  the  area 
tn  be  searched  for  it  Prospecting  should  extend 
radially  outward  from  the  Bite  of  the  proposed 
work  until  a  deposit  of  rock  i-  located  which  is 
suitable  in  quality  ami  sufficient  in  volume  to 
fuliill  the  anticipated  requirements.  The  l>est 
possible  use  Bhould  !>«•  made  of  existing  data,  such 
ologic  maps,  air  photos,  topographic  maps, 
and    publications  of  State,    Federal,   or   private 


agencies,  Prom  a  Btudj  of  these  data,  existing 
quarries,  outcrops,  and  other  promising  ana-  can 
be  marked  «>n  the  map  or  photograph  for  later 
investigation  in  the  field.  It  is  often  profitable 
in  inquire  about  rock  deposits  or  accumulations 
from  residents  of  the  locality,  and  from  officials 
of  local  governments. 

The  primary  criteria  for  riprap  are  quality  and 
m/.c  of  the  rock  fragments  Those  who  perform 
the  investigations  should  attempt,  l>,\  inspection, 
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to  evaluate  the  ability  of  the  rock  to  resist  wave 
action,  freezing  and  thawing,  and  other  disinte- 
grating forces,  and  to  determine  whether  the 
deposit  will  yield  sufficient  material  of  the  re- 
quired sizes.  The  most  obvious  place  to  begin 
exploration  of  the  rock  source  is  at  any  outcrop. 
Existing  vertical  faces  cut  back  to  unweathered 
material  should  be  thoroughly  examined  for  strain 
cracks,  fracture  patterns,  bedding  planes,  and 
zones  of  unsound  material.  The  joint  and  bedding 
plane  systems  are  especially  important  because 
they  indicate  the  sizes  which  probably  will  be 
produced  in  quarrying.  Exploration  required  for 
determining  the  characteristics  of  the  unexposed 
portions  of  a  potential  riprap  source  is  usually 
accomplished  with  boreholes,  test  pits,  or  trenches. 
Core  drilling  is  normally  the  most  practicable  and 
reliable  method  of  determining  the  extent  of  the 
deposit,  the  depth  of  overburden,  and  the  thick- 
ness of  rock.  The  cores  recovered  provide  in- 
formation about  the  quality  of  the  rock  in  portions 
of  the  deposit  not  otherwise  exposed.  In  the 
example  shown  in  figure  24,  only  one  borehole  was 
needed  in  the  rock  source  to  establish  the  depth 
of  the  extensive  exposed  lava  flow. 

Where  bedrock  formations  are  not  of  suitable 
quality  for  riprap,  other  sources  must  be  investi- 
gated. There  have  been  several  cases  where 
surface  boulders  were  gathered  and  used  for  rip- 
rapping  earthfill  dams  because  quarry  rock  of 
suitable  quality  could  not  be  found  even  within 
100  miles  of  the  site.  The  use  of  this  type  of 
riprap  is  normally  feasible  only  when  the  boulders 
occur  in  fairly  well  concentrated  accumulations, 
and  when  they  cover  areas  sufficiently  large  to 
provide  significant  quantities.  Nevertheless,  the 
exploitation  of  several  widely  separated  accumula- 
tions to  yield  the  quantity  required  for  one  dam 
is  not  uncommon. 

Occasionally,  talus  slopes  are  found  which  con- 
tain durable  rock  of  the  required  sizes,  and  which 
are  of  sufficient  extent  to  make  quarrying  from 
the  source  deposit  unnecessary.  Such  slopes  are 
especially  desirable  when  they  are  more  accessible 
than  the  source  deposit,  as  is  often  the  case.  Little 
can  be  done  in  the  way  of  exploration  of  talus 
material  except  for  making  a  thorough  examina- 
tion and  survey  to  determine  the  characteristics 
of  the  lock,  the  quantity  available,  and  the  range 
of  sizes.     Good  photographs  are  part  of  the  ex- 


ploratory data  for  all  riprap  and  rock  sources,  and 
they  are  especially  valuable  when  talus  slopes  are 
being  considered.  Figure  25  shows  a  talus  deposit 
of  igneous  rock  suitable  for  riprap. 

The  availability  of  riprap  or  rockfill  materials 
has  a  pronounced  effect  on  the  design  of  a  struc- 
ture; consequently,  very  careful  studies  of  quan- 
tities must  be  made.  It  is  occasionally  possible 
to  make  use  of  a  readily  accessible  material  rather 
than  to  require  the  procurement  of  a  superior 
rock  at  considerably  greater  expense.  On  the 
other  hand,  the  use  of  lesser  quantities  of  superior 
materials  might  offset  their  added  cost.  Informa- 
tion on  the  sampling  of  riprap  sources  is  given  in 
part  G  of  this  chapter.  The  suitability  of  rockfill 
materials  is  based  on  identification  and  field 
examination  of  the  source. 

79.  Concrete  Aggregate. — Field  investigations 
for  concrete  materials  prior  to  construction  are 
confined  chiefly  to  prospecting  for  aggregate  and 
to  explorations  and  sampling  of  available  deposits. 
Those  engaged  in  prospecting  work  should  be 
familiar  with  the  effects  of  grading,  physical 
characteristics,  and  composition  of  aggregate  on 
the  properties  of  concrete.  Judgment  and  thor- 
oughness in  conducting  preliminary  field  investi- 
gations are  usually  reflected  in  durability  and 
economy  of  the  finished  structures. 

Most  factors  pertaining  to  the  suitability  of 
aggregate  deposits  are  related  to  the  geological 
history  of  the  region.  These  factors  include  size, 
shape,  and  location  of  the  deposit ;  thickness  and 
character  of  the  overburden;  types  and  condition 
of  the  rock;  grading,  rounding,  and  degree  of 
uniformity  of  the  aggregate  particles;  and  ground- 
water level.  Aggregate  may  be  obtained  from 
deposits  of  natural  sand  and  gravel,  from  talus,  or 
from  quarries  in  areas  of  bedrock  outcroppings. 
Fine  blending  sand  may  sometimes  be  obtained 
from  windblown  deposits. 

Stream  deposits  are  the  most  common  and 
generally  most  desirable  because:  (1)  Individual 
pieces  are  usually  rounded;  (2)  streams  exercise  a 
sorting  action  which  may  improve  grading;  and 
(3)  abrasion  caused  by  stream  transportation  and 
deposition  leads  to  a  partial  elimination  of  weaker 
materials.  Alluvial  fans  are  frequently  used  as 
sources  of  aggregate,  but  they  often  require  more 
than  usual  processing.  Glacial  deposits  provide 
sand  and  gravel,  but  they  are  generally  restricted 
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to  northerl)  latitudes  or  high  elevations.  Those 
glacial  deposit  not  influenced  l>,\  fluvial  agencies 
arc  usually  too  heterogeneous  to  be  suitable  as 
aggregate  and  at  besl  are  usable  only  after  elabo 
rate  processing.  Glacial  deposits  which  have  been 
affected  l>\  Btream  action  frequently  yield  satis- 
factory aggregate  materials. 

When  natural  sand  and  gravel  are  not  available 
it  is  necessary  to  produce  concrete  aggregate  l>\ 
quarrying  and  processing  rock     Quarrying  nor- 


The  extent  and  justifiable  expense  of  explorat  ion 

for  concrete  aggregate  are  determined  largel}  l>\ 
the  size  of  the  job  and  the  purpose  of  the  structure 
When  searching  for  Buitable  aggregate  it  is  im- 
portant to  remember  that  ideal  materials  are 
seldom  found.  Deficiencies  or  excesses  of  one  or 
more  sizes  are  ver\  common.  Objectionable  rock 
types,  coated  and  cemented  particles,  or  particles 

of  Hat   or  Blabby  shape  maj    occur  in  excessive 

amounts. 


figure  25.      Talus  slope  of  igneous  rock  suitable  for  riprap. 


malh  is  done  onl\  when  other  materials  of 
adequate  quality  and  size  cannot  be  obtained 
■  iiucally.  Quarr}  deposits  frequently  con- 
tain stratified  materials  which  make  it  difficult 
to  obtain  representative  samples  of  the  un- 
developed source  AI-o.  the  presence  of  layers  or 
zones  of  undesirable  materials,  such  as  clay  or 
shale,  in  some  instances  necessitates  selective 
quarrying  and  special  processing 


The  most  promising  deposits  Bhould  be  explored 
and  sampled  by  means  of  cased  test  holes,  open 
test  pits,  or  trenches,  and  the  suitability  of  the  ag- 
gregate should  be  determined.  The  methods  of 
subsurface  exploration,  sampling,  logging,  and  test- 
ing are  given  in  parts  F,  G,  II.  and  I,  respectively, 
of  this  chapter.  The  quality  and  gradation  re- 
quirements for  aggregates  are  discussed  in 
appendix       F. 
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B.    SOURCES  OF  INFORMATION 


80.  Topographic  Maps.— A  topographic  map  is 
indispensable  in  the  design  and  construction  of  a 
dam.  Before  undertaking  the  job  of  map  making, 
a  thorough  search  should  be  made  for  the  existence 
of  maps  covering  the  areas  of  the  reservoir,  the 
damsite,  and  potential  sources  of  construction 
materials.  The  U.S.  Geological  Survey  (USGS) 
should  be  contacted  for  information  on  the  avail- 
ability of  maps.  This  organization  is  making  a 
series  of  standard  topographic  maps  to  cover  the 
United  States,  Alaska,  Hawaii,  and  Puerto  Rico. 

The  unit  of  survey  for  the  USGS  maps  is  a 
quadrangle  bounded  by  parallels  of  latitude  and 
meridians  of  longitude.  Quadrangles  covering  7.5 
minutes  of  latitude  and  longitude  are  generally 
published  at  the  scale  of  either  1:24,000  (1  inch 
equals  2,000  feet)  or  1:31,680  (1  inch  equals  % 
mile).  Quadrangles  covering  15  minutes  of  lati- 
tude and  longitude  are  published  at  the  scale  of 
1:62,500  (1  inch  equals  approximately  1  mile), 
and  quadrangles  covering  30  minutes  of  latitude 
and  longitude  are  published  at  the  scale  of  1 :  125,- 
000  (1  inch  equals  approximately  2  miles).  In 
certain  Western  States,  a  few  quadrangles  covering 
1°  of  latitude  and  longitude  have  been  published 
at  the  scale  of  1:250,000  (1  inch  equals  approxi- 
mately 4  miles).  A  few  special  maps  are  pub- 
lished at  other  scales.  Each  quadrangle  is  desig- 
nated by  the  name  of  a  city,  town,  or  prominent 
national  feature  within  it,  and  on  the  margins 
of  the  map  are  printed  the  names  of  adjoining 
quadrangle  maps  that  have  been  published. 

The  distinctive  characteristic  of  topographic 
maps  is  that  the  shape  of  the  land  is  portrayed 
by  contours,  which  are  imaginary  lines  following 
the  ground  surface  at  a  constant  elevation.  The 
contour  interval  is  the  regular  elevation  difference 
separating  adjacent  contour  lines  on  the  map. 
These  intervals  depend  on  the  ground  slope  and 
the  map  scale;  they  vary  from  5  feet  to  200  feet. 
On  some  quadrangle  maps,  devices  other  than 
contours  are  used  to  show  topographic  forms. 
These  devices  are  hachures,  form  lines,  symbol 
patterns,  and  relief  shading. 

Published  maps  of  the  U.S.  Geological  Survey 
are  colored  to  distinguish  classes  of  map  fea- 
tures. Black  is  used  for  manmade  or  cultural 
features,  such  as  roads,  dams,  buildings,  names, 
and  boundaries.     Blue  is  used  for  water  or  hydro- 


graphic  features,  such  as  lakes,  rivers,  canals,  and 
glaciers.  Brown  is  used  for  relief  or  hypsographic 
features — land  shape  portrayed  by  contours  or 
hachures.  Green  is  used  for  wooded  areas  with 
typical  pattern  to  show  scrub,  vineyards,  and 
orchards.  Red  emphasizes  important  roads,  and 
shows  built-up  urban  areas  and  public  land  sub- 
division lines. 

In  addition  to  the  published  topographic  map, 
information  of  great  assistance  to  engineers  is 
available  from  the  U.S.  Geological  Survey  for 
mapped  areas.  For  example,  the  locations  and 
true  geodetic  positions  of  triangulation  stations 
and  permanent  benchmarks  are  recorded.  Also, 
map  manuscripts  four  times  larger  in  scale  than 
published  maps  may  be  available  1  or  1}(  years 
prior  to  publication  of  the  final  map.  Figure  26 
shows  the  status  of  topographic  mapping  in  the 
United  States,  mainly  of  the  7%-  and  15-minute 
series,  distributed  by  the  U.S.  Geological  Survey. 
A  large  index  map  similar  to  this  is  available 
without  charge. 

In  the  absence  of  topographic  coverage  of  the 
area,  other  types  of  maps  may  be  used  in  the  pre- 
liminary stages.  Of  considerable  importance  to 
dam  design  are  the  river  survey  maps.  These  are 
strip  maps  which  show  the  course  and  fall  of  the 
stream;  the  configuration  of  the  valley  floor  and 
the  adjacent  slopes;  and  the  locations  of  towns, 
scattered  houses,  irrigation  ditches,  roads,  and 
other  cultural  features.  River  survey  maps  were 
prepared  largely  in  connection  with  the  classifica- 
tion of  public  lands,  hence  most  of  them  show  areas 
in  the  Western  States.  If  the  valley  is  less  than  a 
mile  wide,  the  topography  is  shown  to  100  feet  or 
more  above  the  water  surface;  if  the  valley  is  flat 
and  wide,  topography  is  shown  for  a  strip  of  1  to  2 
miles.  Potential  reservoir  sites  are  mapped  to  the 
probable  flow  line  of  the  reservoir.  The  usual 
scale  is  1:31,680  or  1:24,000,  and  the  normal  con- 
tour interval  is  20  feet  on  land  and  5  feet  on  the 
water  surface.  Many  of  these  maps  include  pro- 
posed dam  sites  on  a  large  scale  and  have  a  profile 
of  the  stream.  The  standard  size  sheet  is  22  by  28 
inches. 

The  availability  of  river  survey  maps,  other 
special  maps  and  sheets,  including  national  parks 
and  monuments,  and  a  list  of  agents  for  topo- 
graphic maps  are  indicated  on  the  index  to  topo- 
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graphic  mapping  for  the  various  States.  These 
indices  are  available  without  charge  from  the  U.S. 
Geological  Survey.  Requests  and  inquiries  on 
published  maps  and  on  the  availability  of  map 
manuscripts  or  other  information  of  the  area 
should  be  directed  to  U.S.  Geological  Survey, 
Denver  Federal  Center,  Denver,  Colo.,  or  Wash- 
ington 25,  D.C. 

Topographic  maps  are  of  considerable  value  in 
the  exploration  of  foundations  and  construction 
materials  for  dams.  The  locations  and  elevations 
of  exploratory  holes,  outcrops,  and  erosional  fea- 
tures can  be  placed  on  the  map,  and  the  landforms 
portrayed  by  the  contours  indicate  to  some  degree 
the  type  of  soil.  Information  on  the  origin  and 
characteristics  of  some  of  the  simpler  landforms  is 
given  in  part  E  of  this  chapter. 

81 .  Geologic  Maps. — Considerable  useful  engi- 
neering information  is  obtainable  from  geologic 
maps.  These  maps  identify  the  rock  units  directly 
underlying  the  reservoir  and  the  dam  site.  The 
characteristics  of  rocks  are  of  major  importance  in 
the  selection  of  a  dam  site  and  in  the  design  of  the 
dam.  Many  surface  soils  are  closely  related  to  the 
type  of  rock  from  which  they  are  derived.  When 
the  influence  of  climate  and  relief  are  considered, 
the  engineer  can  make  reasonable  predictions  of 
the  type  of  soil  associated  with  different  parent 
materials.  Conditions  beneath  the  surface  can 
often  be  correctly  deduced  by  the  3-dimensional 
information  given  on  geologic  maps.  These  maps 
are  especially  valuable  in  areas  where  only  limited 
information  on  soils  from  the  agricultural  stand- 
point is  available;  for  example,  in  arid  or  semiarid 
regions  where  soils  are  thin. 

On  geologic  maps  rocks  are  identified  by  their 
geologic  age.  The  smallest  rock  unit  mapped  is 
generally  a  formation.  This  is  an  individual  bed 
or  several  beds  of  rock  that  extend  over  a  fairly 
large  area  and  that  can  be  clearly  differentiated 
from  overlying  or  underlying  beds  because  of  a 
distinct  difference  in  lithology,  structure,  or  age. 
The  areal  extent  of  these  formations  is  indicated  on 
geologic  maps  by  means  of  letter  symbols,  color, 
and  symbolic  patterns. 

Letter  symbols  indicate  the  formation  and 
geologic  period.  For  example,  "Jm"  stands  for 
the  Morrison  formation  of  the  Jurassic  period. 
Standard  color  and  pattern  conventions  are  fol- 
lowed on  maps  produced  by  the  U.S.  Geological 
Survey.     Tints  of  yellow  and  orange  are  used  for 


different  Cenozoic  rocks;  tints  of  green  for  Meso- 
zoic  rocks;  tints  of  blue  and  purple  for  Paleozoic 
rocks;  and  tints  of  russet  and  red  for  pre-Cambrian 
rocks.  The  primary  structural  features  of  the 
rock  types  are  depicted,  as  far  as  practicable,  by 
conventional  patterns.  Variations  of  dot  and 
line  patterns  are  used  for  sedimentary  rocks;  wavy 
lines  for  metamorphic  rocks;  and  checks,  crosses, 
or  crystallike  patterns  for  igneous  rocks.  Another 
type  of  symbol  common  on  geologic  maps  indicates 
the  attitude  of  the  structural  features  of  the  rock 
strata.  Structural  symbols  are  given  as  marginal 
data  for  the  geologic  map.  One  of  the  most  im- 
portant symbols  is  the  dip-strike  symbol,  which 
indicates  the  direction  of  strike  of  a  rock  bed, 
fault,  fold,  or  flow  structure;  the  direction  of  dip; 
and  the  angle  of  dip  from  the  horizontal  in  degrees. 

Geologic  maps  often  carry  one  or  more  geologic 
sections  as  marginal  data.  The  section  is  a 
graphic  representation  of  the  disposition  of  the 
various  strata  in  depth  along  an  arbitrary  line 
usually  marked  on  the  map.  Geologic  sections  are 
somewhat  hypothetical,  and  must  be  used  with 
caution.  The  vertical  scale  is  nearly  always  ex- 
aggerated. Sections  prepared  solely  from  surface 
data  may  easily  be  erroneous;  sections  prepared 
from  boring  records  or  mining  evidence  are  more 
reliable.  A  section  compiled  from  information 
obtained  in  one  small  locality  is  called  a  columnar 
section,  and  shows  only  the  succession  of  strata 
and  not  the  structure  of  the  beds  as  does  the 
geologic  section. 

There  are  several  types  of  geologic  maps.  A 
map  showing  a  plan  view  of  the  bedrock  in  the 
area  is  a  bedrock  or  areal  geologic  map.  Such  a 
map  indicates  the  boundaries  of  the  visible  forma- 
tions, and  the  inferred  distribution  of  those  units 
covered  by  soil  or  plant  growth,  and  it  usually  in- 
cludes one  or  more  geologic  sections.  Except  for 
indicating  thick  deposits  of  alluvium,  areal  maps 
do  not  show  soil  or  unconsolidated  mantle.  In 
areas  of  complex  geology  where  exposures  of  bed- 
rock are  scarce,  the  location  of  the  contacts  be- 
tween formations  is  often  indicated  as  approximate 
or  hypothetical.  Surficial  geologic  maps  differ- 
entiate the  unconsolidated  surface  materials  of  the 
area  according  to  their  geologic  categories,  such 
as  stream  alluvium,  glacial  gravel,  and  windblown 
sand.  These  maps  indicate  the  areal  extent, 
characteristics,  and  geologic  age  of  the  surface 
materials.     Areal     (bedrock)     geologic    maps    of 
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moderately  deformed  areas  often  earn'  enough 
structural  symbols  to  provide  an  understanding 
of  the  structural  geology  <»f  that  region.  In 
highly  complex  areas,  however,  where  a  great 
amount  of  structural  data  is  necessarj  for  an  in- 
terpretation i>f  tlif  geology,  special  structural 
g$ologie  maps  are  prepared. 

In  addition  t<>  giving  the  geologic  age  of  the 
mapped  rocks,  some  maps  briefly  describe  the 
rocks  Man]  mapa,  however,  lack  a  lithologic 
description.  The  experienced  geologist  can  make 
certain  assumptions  or  generalizations  from  the 
age  of  the  rock  alone  by  making  analogies  with 
other  areas.  For  more  certain  identification  of 
the    lithology    and    for   details,   geologic    literal  lire 

on  i  he  w  hole  area  must  he  consulted.  Engineering 
information  can  he  obtained  from  geologic  maps 
if  the  user  possesses  a  knowledge  of  the  funda- 
mentals of  geology  and  an  understanding  of  how 
engineers  use  geologic  facts  in  design  and  con- 
struct ion  By  a  study  of  the  hasic  geologic  map, 
together  with  all  the  collateral  geologic  data  that 
pertain  to  the  area  shown,  it  is  possible  to  prepare 

a  special  map  that  interprets  the  geology  in  terms 
of  construction  materials.  Similarly,  foundation 
and  excavation  conditions,  as  well  as  surface- and 
ground-water  data,  can  he  interpreted  from  geo- 
logic  maps.  Such  information  is  valuable  in 
preliminary  planning  activities,  hut  is  not  a  suh- 
stitute    for   detailed    field    investigations   in    the 

feasibility   and   specifications   Btagl 

The    LJ.S.    Geological    Survey    now    publishes 

a  series  of  Lreolo,Lric  quadrangle  maps  which 
replaces  the  earlier  folios  of  the  Geologic  Atlas  of 
the  United  States,  published  from  L894  to  1945. 
The  new  series  consists  of  geologic  map-  supple- 
mented where  possible  by  structural  sections  and 
other  graphic  means  of  presenting  geologic  data. 
and  accompanied  by  a  brief  explanatory  text  to 
make  the  maps  useful  for  general  scientific,  eco- 
nomic, and  engineering  purposes.  Full  descrip- 
tions of  the  areas  shown  on  these  maps  and 
detailed     interpretations    of    geologic    history    are 

reserved  for  other  publications,  such  as  the  bulletins 
and  professional  papers  of  the  Geological  Surv< 
Separate  maps  of  some  quadrangles  are  published 
in  the  geologic  quadrangle  map  series  under  such 
titles  as  "Economic  Geology,"  "Surficial  ( reology," 
and  "Engineering  Geologj  "     Bach  map  is  issued 
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in    tWO   fornix     Flat    for  filing  in   large   map  en 

and  folded  for  use  in  the  held 

There  ari'  several  geologic  map-,  of  special  in- 
terest to  d.  ■  of  dams.  Their  h  a  series  of 
maps  resulting  from  geologic  mapping  and  general 
resources  investigations  conducted   l>.\    the  <, 

logical  Survej  as  part  of  the  Department  of  the 
Interior  plan  for  Btud)  and  development  of  the 
Missouri  River  Basin.      These  include  maps  show- 

ing  construction  materials  and  Qonmetallic  mineral 

resources,  including  sand  and  gravel  deposits  of 
Several  of  the  States  in  the  Missouri  Kner  Basin. 
The  Geological  Survey  has  also  published  a  hound 

set  of  six  maps  entitled  "Interpreting  Geologic 
Maps  for  Engineering  Purposes,  Eiolidaysburg 
Quadrangle,  Pennsylvania,"  1953,  containing  ex- 
amples of  how  geologic  maps  are  used  to  solve 
engineering  problems  including  a  problem  of  selec- 
t  ion  of  a  damsite. 

Figure  27  shows  the  status  of  geologic  mapping 
in  the  United  Stales.  More  detailed  information 
about  published  geologic  maps  for  individual 
States  is  given  in  the  series  of  <reoloL;ir  map  ind< 
available  from  the  U.S.  Geological  Survey.  Bach 
published  geologic  map  is  outlined  on  a  State  hase 
map,  with  an  explanatory  key  <ri vin»r  the  source 
and  date  of  publication,  the  author,  and  the  scale 
The  attention  of  all  those  engaged  in  searching  for 
geological  information  should  he  called  to  the 
Directory  of  Geological  Material  in  North  America 
[I].3  This  directory  includes  comprehensive  list- 
of  sources  of  available  maps,  charts,  air  photos. 
lo«js,  cores,  etc.,  for  each  State  and  Territory  of  the 
United  States,  as  well  as  for  provinces  in  other 
countries  of  North  America. 

82.  Agricultural  Soil  Maps.  A  large  portion  of 
the  United  States  has  been  surveyed  by  the  De- 
partment of  Agriculture.  These  invest  mat  ions 
are  surficial,  extending  to  depths  up  to  6  feet,  and 
consist  of  classifying  soils  according  to  color,  struc- 
ture, texture,  physical  constitution,  chemical 
composition,  biological  characteristics  and  mor- 
phology.  The  Department  of  Agriculture  pub- 
lishes reports  of  their  surveys  in  which  the  different 
soils  are  described  in  detail,  and  their  suitability 
for  \  arious  crops  i^  given.  Included  in  each  report 
I-  a  map  of  the  area  surveyed,  usually  a  county. 
showing  by  the  penological  classification  the  vari- 
ous types  of  soils  that  occur.  In  addition  to  the 
count)   soil  maps,  there  are  many  areas  in  which 

'  Numtwn  hi  bnekaU  repr  :>  th.>  Mbttofraphy,  mm-  111 


82 


DESIGN  OF  SMALL  DAMS 


o 
O 


on    >> 

-2   > 

O   t/-> 

-c    

U      O 

.£  ." 

™  "5> 

*"  -2 
o    o 

*■    a 

_2  (J 

.—    %— * 

E 


_6J    1- 

S  £ 

"•  «. 

-D    E 
a  <* 

Q.    en 
O      c 


-     D 

S  p 


"5  2 


<j    E 


o    5 

61       C 


=  "3 

6)     u 


o-> 


.t  Q. 

a  a 

a.  o 

i  E 


o 
<75 


FOUNDATIONS  AND  CONSTRUCTION  MATERIALS 


83 


individual  farms  are  mapped  using  the  same  sys- 
tem of  Boil  classification. 

Figure  28  shows  the  extent  of  published  agri- 
cultural soil  mapping  in  the  United  States.    Tl 

-in  \  r\  -  (if  in  print  |  arc  available  for  purchase  from 
the  Superintendent  of  .Documents,  Washington, 
l>('  Out-of-print  maps  and  other  unpublished 
surveys    ma)    be   available   for   examination    from 

the  l  S  Department  of  Agriculture,  county  ex- 
tension agents,  colleges,  universities,  and  libraries. 
I  surveys  using  the  agricultural  soil  classifica- 
tion have  been  made  in  many  of  the  river  Imsins  m 
the  17  Western  States  for  the  purpose  of  classifying 
land  for  irrigation  based  on  physical  and  chemical 
criteria.  Inquiry  should  he  made  at  the  local 
project  offices  of  the   Bureau  of  Reclamation  for 

the  availability  of  soils  data   for  these  areas. 

In  onlci  to  apply  agricultural  soil  maps  to  ex- 
plorations of  foundations  and  construction  ma- 
terials, some  knowledge  of  the  pedologies!  system 
of  classification  is  necessary.  This  system  recog- 
nizes the  fact  that  movement  of  water  from  the 
Burface  of  the  soil  downward  leaches  inorganic 
colloids  and  soluble  material  from  the  upper 
portion  to  create  a  soil  profile.  The  depth  of 
leaching  action  depends  on  the  amount  of  water, 

on  the  permeability  of  the  soil,  and  on  the  length 

of  time  involved.  This  action  produces  distinct 
layers  of  -oil.  The  surface  layer  is  lacking  in  the 
fines  which  the  subsurface  layer  has  accumulated 
in  addition  to  its  original  fines.  The  soil  beneath 
the  subsurface  layer  has  been  little  affected  by 
water  and  remains  essentially  unchanged.  Tl 
three  layers  are  designated  from  the  surface 
downward  as  the  A  horizon,  the  B  horizon,  and 
the  C  horizon.  In  detailed  classifications  these 
horizons  may  be  subdivided  into  A,,  Aj,  etc. 

The  soils  of  the  United  States  are  first  divided 
into  main  divisions  depending  on  the  cause  of 
profile  development  and  on  its  magnitude.  The 
main  soil  divisions  are  further  divided  into  sub- 
orders and  then  into  great  soil  groups  on  the  basis 
of  the  combined  effect  of  climate,  vegetation,  and 
topography.     Within   each  great   soil  group   the 

soils  are  divided  into  soU  series,  each  of  which  has 
the  same  age,  climate,  vegetation,  relief,  and 
parent    material.     According    to    this   system   of 

classification,  all  soil  profiles  of  a  certain  soil  Beries 
are  similar  in  all  respects,  with  the  exception  of  a 
variation  in  the  texture,  or  grain  size,  of  the  top- 
soil  or  A  horizon.      The  soil  serie-  were  originally 


named   after   a    town,   county,   Btream,   or   similar 
geographical  source  where  the  soil  >eric-  w  a-  first 

identified. 

The  final  classification  unit,  which  is  called  the 
soil  type,  is  made  up  of  the  soil  -erics  name  plus 

the  textural  classification  of  the  topsoil  or  A 
horizon.  This  textural  classification  is  different 
from  the  Unified  Soil  Classification  System  used 
for  engineering  purposes  (part  ('  of  this  chapb 
Figure  26  shows  the  textural  classification  of  sods 
of  the  U.S.  Department  of  Agriculture  [21.     The 

chart  shows  the  terminology  used  for  different 
percentages  of  clay  (defined  as  particles  smaller 
than  0.002  mm.),  silt  (0.002  to  0.05  mm.),  and 
sand  (0.05  to  2.0  nun.).  Note  the  use  of  the  term 
"loam"  which  is  defined  in  the  chart  as  a  mixture 
of  sand,  silt,  and  clay  within  certain  percentage 
limits.  Other  terms  used  as  adjectives  to  the 
names  obtained  in  the  triangle  classification  are: 
"Gravelly"  for  rounded  and  subrounded  parti' 
from  2  millimeters  to  '.\  inches,  "chcrty"  for  gravel 
sizes  of  chert,  and  "stony"  for  sizes  greater  than 
10  inches. 

The  textural  classification  given  as  part  of  the 
soil  name  on  the  agricultural  soil  map  refers  to 
the  material  in  the  A  horizon  only;  hence,  this  is 
not  of  much  value  to  the  engineer  who  is  interested 
in  the  entire  soil  profile.  The  combination  of  soil 
series  name  and  textural  classification  to  form  a 
soil  type,  however,  provides  a  considerable  amount 
of  significant  data.  For  each  soil  series  the  tex- 
ture, degree  of  compaction,  presence  or  absence 
of  hardpan  or  rock,  lithology  of  the  parent  mate- 
rial, and  chemical  composition  can  be  obtained. 
From  the  engineering  point  of  view,  this  informa- 
tion is  qualitative  rather  than  quantitative,  but 
it  can  often  be  used  to  advantage  in  the  recon- 
naissance stage  and  in  planning  subsurface 
explorations  for  dams. 

The  use  and  limitation  of  agricultural  soil  classi- 
fications for  engineering  purposes  can  be  judged 
by  the  following  example  taken  from  the  Soil 
Survey  Manual  [3].  The  "Cecil  -cries"  is  de- 
scribed by  a  paragraph  giving  the  great  soil  group 
to  which  it  belongs,  the  general  geographical 
distribution  of  the  series,  the  rocks  from  which 
it  was  derived,  and  a  comparison  of  the  scries  with 
associated  or  related  soil  scries.  Additional  para- 
graphs discus-  the  range  in  characteristics  of  the 
principal  soil  types  of  the  ('ceil  series,  and  also 
relief,  drainage,  vegetation,  land  use.  distribution 
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Percent   sand 


PERCENTAGES   OF  CLAY    (BELOW   0.002  mm), 

SILT  (0.002  TO   0.05  mm.),  AND  SAND  (0.05  TO  2  0  mm  ) 

IN  THE   BASIC    SOIL   TEXTURAL   CLASSES 

Figure  29.     Soil  triangle  of  ihe  ba*ic  toil  textural  classes.     (U.S.  Soil  Conservation  Service.) 


of  the  scries  by  States,  type  locution,  and  remarks. 
I   profile  for  (lie  Cecil  series  is  given  as  fol- 
lows: 

Soil  /until,  (Cecil  Bandy  loam): 
\         A  thin  layer  of  leaves  nnd  pine  needles. 

A,     o  2  inches,  brownish-gray,  very  Friable  Bandy 

loam    with    line,    weak,    crumb    structure; 
Btrongly  acid.      1   to  4  inches  thick. 
-,6  O— 60 8 


A2  2  -8  inches,  weak-yellow  to  liirht  yellowish- 
brown.  nearly  loose  or  very  friable  sandy 
loam;  Btrongly  acid      4  to  in  inches  thick. 

B,  8-10  inches,  weak  reddish-brown  to  strong- 
brown,  friable  heavy  Bandy  loam  or  light 
sandy  clay  loam  with  medium  granular 
structure;  Btrongly  acid.  2  to  4  inches 
thick. 
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B2      10-38   inches,   moderate   to  strong  reddish- 
brown  clay  that  is  plastic  when  wet,  very 
firm  when  moist,  and  very  hard  when  dry. 
The  clay  has  a  medium  moderately  blocky 
structure  and  contains  some  white  sand 
grains    and    small    mica    flakes;    strongly 
acid.     20  to  36  inches  thick. 
B3      38-60  inches,  light   to  moderately  reddish- 
brown  clay  loam  with  mottles  or  splotches 
of    yellow;    firm    to    friable    when    moist. 
The    soil     contains    enough    small    mica 
flakes  to  make  it  feel  slick  when  rubbed 
between  the  fingers;  it  has  a  weak,  coarse, 
blocky    structure    and     is    strongly  acid. 
10  to  30  inches  thick. 
C       60  inches  plus,   mottled  or  splotched   light 
reddish-brown,      yellowish-brown,      light- 
gra}",  and  black  friable  disintegrated  rock 
material  in  which   there  is  usually  much 
mica;  strongly  acid.     20  to  60  inches  thick. 
The  agricultural  soil  survey  report  is  designed 
to  include  information  useful  to  the  farmer  and 
to  the  agricultural  community.     However,  apart 
from  the  soil  maps  and  soil  profile  descriptions 
contained  in  these  reports,  other  information  of 
great  value  in  planning  of  reservoirs  is  included. 
The  reports  discuss  topography;  ground  surface 
conditions;    obstructions    to    movement    on    the 
ground;  natural  vegetation;  size  of  farms;  land 
utilization;  farm  practice  and  cropping  systems; 
meteorological  data;  drainage;  flood  danger;  ir- 
rigation; water  supply  and  quality;  nearness  to 
towns,  roads,  and  railroads;  electric  power;  and 
similar  data. 

83.  Airphotos. — An  airphoto  or  aerial  photo- 
graph is  a  pictorial  representation  of  a  portion  of 
the  earth's  surface  taken  from  the  air.  It  may  be 
a  vertical  photograph  in  which  the  axis  of  the 
camera  is  vertical,  or  nearly  so,  or  an  oblique 
photograph  where  the  axis  of  the  camera  is  more 
or  less  inclined.  High  oblique  photographs  in- 
clude the  horizon;  low  obliques  do  not.  The 
vertical  photograph  is  commonly  used  as  the  basis 
for  topographic  mapping,  agricultural  soil  map- 
ping, and  geological  interpretations. 

Except  where  dense  forest  cover  obscures  large 
areas  from  view,  the  airphoto  reveals  every  natural 
and  manmade  detail  on  the  surface  of  the  ground. 
Relationships  are  exposed  which  could  not  be 
found  on  the  ground  no  matter  how  careful  the 
examination.     Identification    of    features    shown 


on  the  photo  is  facilitated  by  stereoscopic  examina- 
tion. The  features  are  then  interpreted  for  a 
particular  purpose,  such  as  geology,  land  utiliza- 
tion, or  engineering  characteristics.  The  experi- 
ence and  training  of  the  engineer  will  determine 
his  utilization  of  aerial  photographs.  Knowledge 
of  the  elements  of  geology  and  of  soil  science  will 
assist  him  in  interpreting  airphotos  for  engineer- 
ing uses.  Airphotos  are  very  often  used  for 
locating  areas  to  be  examined  and  sampled  in  the 
field  and  as  substitutes  for  maps. 

Virtually  the  entire  area  of  the  United  States 
has  been  covered  by  aerial  photography.  A  28- 
by  42-inch  index  map  of  the  United  States  is 
available  free  on  application  to  the  U.S.  Geological 
Survey,  Washington  25,  D.C.  This  map  shows 
which  of  seven  Government  agencies  can  provide 
prints  for  particular  areas.  "When  ordering  photo- 
graphs, specify  contact  prints  or  enlargements, 
glossy  or  matte  finish,  and  location.  Location 
should  be  given  by  range,  township,  and  section, 
latitude  and  longitude,  State  and  county,  or  shown 
on  an  enclosed  index  map  of  the  area.  Stereo- 
scopic coverage  should  be  requested  for  most  uses. 
Aerial  mosaics  covering  roughly  25  percent  of  the 
area  of  the  United  States  are  also  available.  A 
mosaic  is  an  assemblage  of  aerial  photographs 
whose  edges  have  been  torn  or  cut,  and  matched 
and  mounted  to  form  a  continuous  representation 
of  the  earth's  surface.  They  include  halftone 
photolithographic  reproductions  from  mosaic  neg- 
atives known  as  "photo  maps."  An  index  map 
showing  the  status  of  aerial  mosaics  of  the  United 
States,  including  the  coverage  and  the  agencies 
holding  mosaic  negatives,  is  available  without 
charge  on  application  to  the  U.S.  Geological 
Survey. 

Airphoto  interpretation  of  earth  materials  and 
geologic  features  is  relatively  simple  and  straight- 
forward, but  requires  experience.  The  diagnostic 
features  include  terrain  position,  topography, 
drainage  and  erosional  features,  color  tones,  and 
vegetative  cover.  Interpretation  is  limited  mainly 
to  surface  and  near-surface  conditions.  There  are 
special  cases,  however,  where  features  on  the 
photograph  permit  reliable  predictions  to  be 
made  of  deep,  underground  conditions.  Although 
interpretation  can  be  rendered  from  any  sharp 
photograph,  the  scale  is  a  limiting  factor,  since 
small-scale  photos  limit  the  amount  of  detailed 
information  that  can  be  obtained.     The  scale  of 
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l  :  2(),oi)o  has  been  found  satisfactory  for  engineer- 
ing and  geologic  interpretation  of  surface  materials. 
Large-scale  photos  often  ha ve  application  to  highly 
detailed  work,  such  as  for  reservoir  clearing  esti- 
mates, and  for  geologic  reconnaissance  mapping 
of  dam  sites 

Airphotos  can  be  used  to  identity  certain  ter- 
rain types  and  land  forms.  These  topographic 
features  are  described  in  pun  E  of  tins  chapter. 
Stereoscopic  photo  inspection  of  an  urea,  taking 
particular    note    of    regional    topography,    local 

terrain     features,    and    drainage    conditions,    will 

usually  suffice  t<>  identify  the  common  terrain 
types.  This  permits  the  possible  range  in  the 
-oil  and  rock  materials  to  be  anticipated,  and  their 

characteristics    to    he   defined  within  hroad  limits. 

Geologic  features  that  may  he  highly  significant 


to  the  location  or  performance  of  engineering  struc- 
tures sometimes  can  he  identified  from  airphoto-.. 
In  man}  instances  the-.'  feature-  can  be  more  read- 
ily identified  on  the  airphoto  than  on  the  ground. 
It  must  he  recognized,  however,  that  airphoto  in- 
terpretation is  applicable  only  to  those  features 
which  develop  recognizable  Burface  expressions, 
such  as  drainage  patterns  and  alinemenl  of  ridges 
or  valleys.     Join!  systems,  landslides,  fault  /.ones, 

folds,  and  other  structural  features  sometimes  are 

identified  quickly  in  an  aerial  photo,  whereas  it 
may  he  difficult  to  find  them  on  the  ground.     The 

importance  of  these  items  in  the  location  of  a  dam 
and  its  appurtenant  works  is  obvious.  The  gen- 
eral attitude,  bedding,  and  jointing  of  exposed  rock 
strata,  as  well  a-  the  presence  of  dikes  and  intru- 
sion-, often  can  he  interpreted  in  airphotos.      Such 


la  illuitrating  folding  in  ledimentary  rocki.     (A)  Satanka  formation,  (B)  Lyons  formation,  (C) 
formation,  and  (D)  Lower  and  Middle  Dakota  formation.     (U.S.  Forett  Service.) 


Rock  ttrala  illuitrating  foldi 
Mormon  '- 
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Figure  31.     Sinkhole  plain  indicating  deep  plastic  toils  over  cavernous  limestone,  developed  in  humid  climate.     (U.S.  Commodity 

Stabilization  Service.) 


information  is  valuable  in  appraising  the  possibili- 
ties of  landslides  into  open  cuts  and  of  seepage 
losses  in  reservoirs. 

Drainage  patterns,  particularly  their  type  and 
density,  provide  an  indication  of  the  relative 
permeability  of  the  earth  materials.  A  dense, 
finely  divided  drainage  pattern  indicates  an  im- 
pervious soil  area  with  high  runoff  and  low  infiltra- 
tion. In  contrast,  the  absence  of  a  surface  drain- 
age pattern  indicates  a  soil  area  with  low  runoff 
and  high  infiltration,  provided  the  area  is  not  a 
desert.  The  surface  drainage  pattern  in  areas  of 
high  water  table  has  only  limited  significance  as 
an  indicator  of  the  earth  materials  present.  Defi- 
nite alinements  in  the  drainage  pattern  usually 
indicate  control  by  local  geologic  structure. 

Erosional  features  have  significance  in  that  they 
often  reflect  the  textural  characteristics  of  the  ex- 


posed materials.  Short,  steep,  V-shaped  gullies 
with  uniform  gradients  are  associated  with  gran- 
ular materials ;  long  gullies  with  uniform  gradients 
of  rounded  cross-sectional  slopes  are  associated 
with  fine-grained  plastic  soils.  Silts  and  sand-clay 
materials  usually  exhibit  gullies  having  U-shaped 
cross  sections  and  compound  gradients.  The 
significance  of  gullies  as  an  indicator  of  soil  texture 
is  modified  by  extreme  climatic  influence,  such  as 
in  arid  regions  where  "box"  gullies  seem  to  prevail 
irrespective  of  soil  texture.  Regardless  of  the 
climatic  influence,  however,  changes  in  the  gradi- 
ent or  cross  section  of  gullies,  or  changes  in  the 
surface  slope  of  eroded  surfaces  may  indicate  a 
change  in  the  exposed  soil,  rock  texture,  or  geo- 
logic structure. 

Color  tones  (relative  photographic  gray  values) 
have  a  general  significance  in  that  they  reflect  the 
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soil  moisture  oonditiom  end  often  reveal  tl"'  rela- 
tive poaition  of  tin-  ground-water  table.  Light 
color  tonei  are  uauall}  associated  with  well-drained 
•oils,  luch  as  gravels,  sands,  and  silts  with  ground- 
water level*  well  below  the  ground  surface.  Dark 
color  tones  uauall)  indicate  poorly  drained  organic 
clays  and  silt)  clays  with  ground-water  levels  near 
the  ground  surface  The  significance  «>f  soil  color 
in  airphotos  must  be  appraised  from  the  overall 
color  pattern,  since  some  variation  may  be  ex- 
pected in  the  photographic  tone  quality  of  in- 
dividual airphotos  It  is  also  necessary  to  ex- 
elude,  visually,  the  color  tones  produced  by  vegeta- 
ti\ e  <-o\ er. 

Vegetative  cover  is  significant  in  that  the  vege- 
tative patterns  produced  in  the  airphotos  often 
reflect   the  nature  of  soil  and  moisture  conditions. 


Abo,  a  change  in  vegetative  pattern  may  indicate 

a  change  in  the  type  or  texture  of  the  underlying 
bedrock.    The  use  of  vegetative  patterns  as  an 

indicator  of  soil  conditions  will  prove  mosl  useful 
in  extreme  climates,  BUCh  as  in  untie,  tropical,  and 
arid  regions  where  the  combination  of  sod  and 
climate  i-,  selective  of  vegetative  growth.  In  arid 
regions  the  pattern  of  vegetation  can  be  used  to 
distinguish  between  high  and  low  alkali  sods  and 
between  high  and  low  ground-water  levels.    The 

effective  Use  of  vegetation  as  an  airphoto  materials 

indicator  requires  a  limited  amount  of  field 
correlation. 

Figures    30    and    31     are    examples    of    readily 

identifiable  geologic  features  from  airphotos.  Ex- 
amples of  typical  land  forms  on  airphotos  are 
given  in  part  E  of  this  chapter. 


C.    SOIL  CLASSIFICATION 


84.  General.  -Most  soils  arc  a  heterogeneous 
accumulation  of  mineral  grains  that  are  not 
cemented  together.  However,  the  term  "soil"  or 
"earth"  as  used  by  engineers  includes  virtually 
every  type  of  unceinented  or  partially  cemented 
inorganic  and  organic  material  found  in  the 
ground.  Only  hard  rock  which  remains  firm  after 
exposure  is  wholly  excluded.  To  the  engineer  en- 
gaged in  design  and  construction  of  foundations 
and  earthworks  for  dams,  the  physical  properties 
of  soils,  such  as  unit  weight,  permeability,  shearing 
strength,  compressibility,  and  interaction  with 
water,  are  of  primary  importance. 

It  is  advantageous  to  have  a  standard  method  of 
identifying  soils  and  classifying  them  into  cate- 
gories or  groups  which  have  distinct  engineering 
properties.  This  enahles  engineers  in  the  design 
office  and  those  engaged  in  field  work  to  speak  the 
same  language,  thus  facilitating  exchange  of  in- 
formation and  experiences.  Knowledge  of  soil 
classification,  including  typical  engineering  prop- 
erties of  soil  of  the  various  groups,  is  especially 
valuable  to  the  engineer  engaged  in  prospecting 
for  earth  materials  or  investigating  foundations 
for  Structures.  To  a  limited  extent  proper  soil 
classification  can  he  used  to  estimate  numerical 
values  of  engineering  characteristics  of  soils  foi 
use  in  low  dams  where  adequate  safety  factors  are 
provided. 


In  1952  the  Bureau  of  Reclamation  and  the 
( Sorps  of  Engineers,  with  Prof.  Arthur  ( 'asagrande 
of  Harvard  University  as  consultant,  reached 
agreement  on  a  modification  of  Professor  Casa- 
grande'a  airfield  classification  which  they  named 
the  "Unified  Soil  Classification  System."  This 
system,  which  is  particularly  applicable  to  the 
design  and  construction  of  dams,  takes  into  ac- 
count the  engineering  properties  of  soils,  is  descrip- 
tive and  easy  to  associate  with  actual  soils,  and 
has  the  flexibility  of  being  adaptable  both  to  the 
field  and  to  the  laboratory.  Probably  its  great 
advantage  is  that  a  soil  can  be  classified  readily  by 
visual  and  manual  examination  without  the 
necessity  for  laboratory  testing.  The  Unified 
Soil  Classification  System  is  based  on  the  size  of 
the  particles,  the  amounts  of  the  various  sizes, 
and  the  characteristics  of  the  very  fine  grains. 

A  soil  mass  consists  of  solid  particles  and  pore 
fluids.  The  solid  particles  generally  are  mineral 
grains  of  various  sizes  and  shapes,  occurring  in 
every  conceivable  arrangement.  These  solid  par- 
ticles can  be  divided  into  various  components,  each 
of  which  contributes  its  share  to  the  physical  prop- 
erties of  the  whole.  Soil  classification  <an  best  |>e 
understood  by  first  considering  the  properties  of 
these  soil  components.  Accordingly,  sections  v">. 
86,  and  87  describe  the  constituents  of  soil  and 
introduce  concepts  used  in  the  Bystem.      Section  NN 
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gives  the  essentials  of  the  classification  scheme  for 
soils  found  in  nature  as  shown  in  the  Unified  Soil 
Classification  Chart.  In  addition  to  proper  classi- 
fication, it  is  important  to  include  an  adequate 
description  of  the  soil  in  reports  or  logs  of  explora- 
tions. The  classification  chart  contains  informa- 
tion required  for  describing  soils  and  includes 
examples.  Additional  information  on  soil  descrip- 
tions is  given  in  part  H.  Section  89  contains  a 
comparison  of  the  engineering  properties  of  typical 
soils  of  each  classification  group. 

85.  So/7  Components.— (a)  Size. — Particles  larger 
than  3  inches  are  excluded  from  the  Unified  Soil 
Classification  System.  The  amount  of  each  over- 
sized material,  however,  may  be  of  great  impor- 
tance in  the  selection  of  sources  for  embankment 
material;  hence,  logs  of  exploration  always  contain 
information  on  quantity  and  size  of  particles  larger 
than  3  inches.  For  definitions  of  terms  for  ma- 
terials larger  than  3  inches  (cobbles,  boulders, 
rock),  see  appendix  D. 

Within  the  size  range  of  the  system  there  are  two 
major  divisions;  namely,  the  coarse  grains  and  the 
fine  grains.  Coarse  grains  are  those  larger  than 
the  No.  200  sieve  size  (0.074  mm.),  and  they  are 
further  divided  as  follows: 

Gravel  (G),  from  3  inches  to  No.  4  sieve  0ie  inch): 
Coarse  gravel — 3  inches  to  %  inch. 
Fine  gravel — %  inch  to  No.  4  sieve. 

Sand  (S),  from  No.  4  sieve  to  No.  200  sieve: 
Coarse  sand — No.  4  to  No.  10  sieve. 
Medium  sand — No.  10  to  No.  40  sieve. 
Fine  sand — No.  40  to  No.  200  sieve. 

For  visual  classification,  }{  inch  is  considered 
equivalent  to  the  No.  4  sieve  size,  and  the  No.  200 
sieve  is  about  the  smallest  size  of  particles  that  can 
be  distinguished  individually  by  the  unaided  eye. 

Fine  grains  or  fines  are  smaller  than  the  No.  200 
sieve  size  and  are  of  two  types:  silt  (M)  and  clay 
(C).  Older  classification  systems  defined  clay 
variously  as  those  particles  smaller  than  5  microns 
(0.005  mm.)  or  2  microns  (0.002  mm.),  and  they 
defined  silt  as  fines  larger  than  the  clay  sizes.  (See 
fig.  29.)  It  is  a  mistaken  idea,  however,  that  the 
typical  engineering  characteristics  of  silt  and  clay 
correspond  to  particular  grain  sizes.  Natural 
deposits  of  rock  flour  that  exhibit  all  the  properties 
of  silt  and  none  of  clay  may  consist  entirely  of 
grains  smaller  than  5  microns.  On  the  other  hand 
typical  clays  may  consist  mainly  of  particles  larger 
than  5  microns  but  containing  small  quantities  of 


extremely  fine,  colloidal-sized  particles.  Size  dis- 
tinction is  not  made  between  silt  and  clay  in  the 
Unified  Soil  Classification  System ;  rather,  the  two 
materials,  are  differentiated  by  their  behavior. 

Organic  material  (O)  is  often  a  component  of 
soil,  but  it  has  no  specific  grain  size.  It  is  dis- 
tinguished by  the  composition  of  its  particles 
rather  than  by  their  sizes,  which  range  from 
colloidal-sized  particles  of  molecular  dimensions 
to  fibrous  pieces  of  partly  decomposed  vegetable 
matter  several  inches  in  length. 

(b)  Gradation. — The  amounts  of  the  various 
sizes  of  grains  present  in  a  soil  can  be  determined 
in  the  laboratory  by  means  of  sieving,  for  the 
coarse  grains,  and  by  sedimentation  (wet  mechani- 
cal analysis)  for  the  fines,  as  described  in  section 
115.  The  laboratory  results  are  usually  presented 
in  the  form  of  a  cumulative  grain-size  curve.  For 
soils  consisting  mainly  of  coarse  grains,  the  grain- 
size  distribution  reveals  something  of  the  physical 
properties  of  the  material.  On  the  other  hand  the 
grain  size  is  much  less  significant  for  soils  contain- 
ing a  preponderance  of  fine  grains. 
Typical  gradations  of  soils  are : 

Well  graded  (W) — Good  representation  of 
all  particle  sizes  from  largest  to  smallest. 

Poorly  graded  (P) — Uniform,  most  particles 
about  the  same  size;  or  skip  (or  gap)  grada- 
tion— absence  of  one  or  more  intermediate 


sizes. 


In  the  field,  soil  is  estimated  to  be  well  graded  or 
poorly  graded  by  visual  examination.  For  lab- 
oratory purposes  the  type  of  gradation  can  be 
determined  by  the  use  of  criteria  based  on  the 
range  of  sizes  and  on  the  shape  of  the  grain-size 
curve.  The  measure  of  size  range  is  called  the 
coefficient  of  uniformity,  Cu,  which  is  the  ratio  of 
the  60-percent-finer-than  size  (Z>6o)  to  the  10- 
percent-finer-than  size  (Dl0).  The  shape  of  the 
grain-size  curve  is  given  by  the  coefficient  of 
curvature,  (\,  which  is  the  ratio  of  the  square  of 
the  30-percent -finer-than  size  (D30)2  to  the  product 
of  (Aso)  by  (Ao)-  Photographs  of  typical  grada- 
tions and  corresponding  grain-size  curves  are 
shown  in  figure  32. 

(c)  Shape. — The  shape  of  the  particles  has  an 
important  influence  on  the  physical  properties  of  a 
soil.     The  following  shapes  are  most  common: 

Bulky  or  equidimensional  grains. — These  may  be 
further  described  as  rounded,  subrounded,  sub- 
angular,     and     angular     (fig.     33).     The    coarse- 
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(A)    WELL-GRADED      GRAVEL    (GW),  VERME  JO,  PROJECT  ,  NEW    MEXICO 
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(B,    UNIFORM    SAND    (SP),  CHERRY    CREEK    RESERVOIR ,  COLORADO 
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(C)    POORLY     GRADED     GRAVEL    (GP),   FALCON    DAM,  TEXAS 
Figurt  32.      Typical  toil  gradations 
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Figure  33.     Typical  shapes  of  bulky  grains. 

grained  components  of  a  soil  are  usually  of  the 
bulky  type,  consisting  chiefly  of  the  minerals 
quartz  and  feldspar. 

Flaky  grains,  also  called  platelike  particles. — 
These  are  present  in  appreciable  quantities  in 
many  fine-grained  soils.  Mica  and  some  clay 
minerals  have  this  shape  which  is  mainly  responsible 
for  their  high  compressibility  (fig.  34  (A)  and  (B)). 

Elongated  grains  and  fibers. — The  most  com- 
monly encountered  materials  in  this  class  are  the 
clay  mineral  halloysite  (fig.  34(C)),  asbestos,  some 
types  of  volcanic  ash,  and  organic  soils  such  as 
peat. 

86.  Soil  Moisture. — A  typical  soil  mass  has  three 
constituents — soil  grains,  air,  and  water.  In  soils 
consisting  largely  of  fine  grains,  the  amount  of 
water  present  in  the  voids  has  a  pronounced  effect 
on  the  soil  properties.  Three  main  states  of  soil 
consistency  are  recognizable: 

(1)  Liquid  state,  in  which  the  soil  is  either  in 
suspension  or  behaves  like  a  viscous  fluid; 

(2)  Plastic  state,  in  which  the  soil  can  be  rapidly 
deformed  or  molded  without  rebounding  elasti- 
cally,  changing  volume,  cracking,  or  crumbling; 
and 

(3)  Solid  state,  in  which  the  soil  will  crack  when 
deformed  or  will  exhibit  elastic  rebound. 


(A)    MICA 


(B)   KAOLINITE 


(C)    HALLOYSITE 

Figure  34.     Flaky  and  elongated  grains. 

In  describing  these  soil  states  it  is  customary 
to  consider  only  the  fraction  of  soil  smaller  than 
the  No.  40  sieve  size  (the  upper  limit  of  the  fine 
sand  component).  For  this  soil  fraction  the 
water  content  in  percentage  of  dry  weight  at 
which  the  soil  passes  from  the  liquid  state  into 
the  plastic  state  is  called  the  liquid  limit  (LL). 
A  device  (fig.  35)  which  causes  the  soil  to  flow 
under  certain  conditions  is  used  in  the  laboratory 
to  determine  the  liquid  limit  as  described  in 
section  115.  Similarly,  the  water  content  of  the 
soil  at  the  boundary  between  the  plastic  state  and 
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SOIL     DIVIDED     BEFORE       TEST 


(B)     SOIL     CLOSED     AFTER       TEST 
Figure  35.     Test  for  liquid  limit. 


the  solid  state  is  called  the  plastic  limit  (PL). 
The  laboratory  test  described  in  section  li">  con- 
sists nf  repeatedly  rolling  threads  of  the  soil  to 
one-eighth-inch  diameter  until  they  crumble  and 

then  determining  the  water  content  (fig.  36). 
The  difference  between  the  liquid  limit  and  the 
plastic  limit   corresponds  to  the  range  of  water 

contents  within  which  the  soil  is  plastic.  This 
difference  of  water  content  is  called  the  plasticity 
index  (PI).  Highly  plastic  soils  have  high  PI 
value-.  In  ii  DOnplastic  soil  the  plastic  limit  and 
the  liquid  limit  are  the  same  and  the  PI   equals  0. 

These  limits  of  consistency,  which  are  called 
"Atterberg  limits"   after  a   Swedish   scientist,   are 

used  in  the  Unified  Soil  Classification  System  as 
the  basis  for  laboratory  differentiation  between 

materials  of  appreciable  plasticity  (clays)  and 
slightly  plastic  or  uonplastic  materials  (silts). 
With  sufficient  experience  a  soils  engineer  may 
acquire  the  ability  to  estimate  the  Atterberg 
limits  of  a  soil.  However,  three  simple  hand 
tc-ts  have  been  found  adequate  for  held  identifi- 
cation and  classification  of  fine  soils  and  for 
determining  whether  the  fine-grained  fraction  of  a 
>oil  i^mIi\  or  clayey,  without  requiring  estimation 


of  Atterberg  limits.      These  hand  tests,  which  are 

pari   of  the  held   procedure  in  the  Unified  Soil 

( lasaification  System,  are  as  follows: 
Dilatancy  (reaction  to  shaking). 
Dry  strength  (crushing  characterisl 
Toughness  (consistency  near  plastic  limit). 

They  are  discussed  in  the  following  section. 

87.  Properties  of  Soil  Components.  (a)  (Iran I 
ami  Sana".  Both  of  the  coarse-grained  components 
of  soil  (gravel  and  sand  |  ha\  c  essentially  the  same 

engineering  properties,  differing  mainly  in  degree. 

The  division  of  gravel  and  sand  sizes  by  the  No.  4 
sieve   is  arbitrary  and   does   not    correspond    to   a 

sharp  change  in  properties.  Well-Graded,  com- 
pacted gravels  or  sands  are  Btable  materials.  The 
coarse-grained    soils    when    devoid    of    fines    are 

pervious,  easy  to  compact,  little  affected  by 
moisture,  and  not  suhjeel  to  frost  action.  Al- 
though grain  shape  and  gradation,  as  well  as  size. 

affect  these  properties,  gravels  are  generally  more 

pervious,  more  Stable,  and  less  affected  by  water 
or  frost  than  are  sands,  for  the  same  amount  of 
fun 

As  B  sand  becomes  finer  and  more  uniform,  it 
approaches  the  characteristics  of  silt,  with  cor- 


Figurt  36.      Test  for  plastic  limit. 
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responding  decrease  in  permeability  and  reduction 
in  stability  in  the  presence  of  water.  Very  fine, 
uniform  sands  are  difficult  to  distinguish  visually 
from  silt.  Dried  sand,  however,  exhibits  no 
cohesion  (does  not  hold  together)  and  feels  gritty 
in  contrast  to  the  very  slight  cohesion  and  smooth 
feel  of  dried  silt. 

(b)  Silt  and  Clay. — Even  small  amounts  of 
fines  may  have  important  effects  on  engineering 
properties  of  the  soils  in  which  they  are  found. 
As  little  as  10  percent  of  particles  smaller  than 
the  No.  200  sieve  size  in  sand  and  gravel  may 
make  the  soil  virtually  impervious,  especially 
when  the  coarse  grains  are  well-graded.  Also, 
serious  frost  heaving  in  well-graded  sands  and 
gravels  may  be  caused  by  less  than  10  percent 
of  fines.  The  utility  of  coarse-grained  materials 
for  surfacing  roads  can  be  improved  by  the  addi- 
tion of  a  small  amount  of  clay  to  act  as  a  binder 
for  the  sand  and  gravel  particles. 

Soils  containing  large  quantities  of  silt  and  clay 
are  the  most  troublesome  to  the  engineer.  These 
materials  exhibit  marked  changes  in  physical 
properties  with  change  of  water  content.  A  hard, 
dry  clay,  for  example,  may  be  suitable  as  a  founda- 
tion for  heavy  loads  so  long  as  it  remains  dry,  but 
may  turn  into  a  quagmire  when  wet.  Many  of 
the  fine  soils  shrink  on  drying  and  expand  on 
wetting,  which  may  adversely  affect  structures 
founded  upon  them  or  constructed  of  them.  Even 
when  the  water  content  does  not  change,  the 
properties  of  fine  soils  may  vary  considerably  be- 
tween their  natural  condition  in  the  ground  and 
their  state  after  being  disturbed.  Deposits  of 
fine  particles  which  have  been  subjected  to  loading 
in  geologic  time,  frequently  have  a  structure  which 
gives  the  material  unique  properties  in  the  un- 
disturbed state.  When  the  soil  is  excavated  for 
use  as  a  construction  material  or  when  the  natural 
deposit  is  disturbed,  for  example  by  driving  piles, 
the  soil  structure  is  destroyed  and  the  properties 
of  the  soil  are  changed  radically. 

Silts  are  different  from  clays  in  many  important 
respects,  but  because  of  similarity  in  appearance, 
they  often  have  been  mistaken  one  for  the  other, 
sometimes  with  unfortunate  results.  Dry,  pow- 
dered silt  and  clay  are  indistinguishable,  but  they 
are  easily  identified  by  their  behavior  in  the 
presence  of  water.  Recognition  of  fines  as  being 
silt  or  clay  is  an  essential  part  of  the  Unified  Soil 
Classification  System. 


(A)     REACTION  TO  SHAKING 


(B)    REACTION  TO  SQUEEZING 

Figure  37.     Dilatancy  test  for  silt. 

Silts  are  the  nonplastic  fines.  They  are  in- 
herently unstable  in  the  presence  of  water  and 
have  a  tendency  to  become  "quick"  when  satu- 
rated. Quick  silts  often  are  called  "bull's  liver" 
by  construction  men.  Silts  are  fairly  impervious, 
difficult  to  compact,  and  are  highly  susceptible  to 
frost  heaving.  Silt  masses  undergo  change  of 
volume  with  change  of  shape  (the  property  of 
dilatancy),  in  contrast  to  clays  which  retain  their 
volume  with  change  of  shape  (the  property  of 
plasticity).  The  dilatancy  property,  together 
with  the  "quick"  reaction  to  vibration,  affords 
a  means  of  identifying  typical  silt  in  the  loose,  wet 
state.  The  dilatancy  test  is  illustrated  by  the 
photograph  of  figure  37,  and  is  described  on  the 
Classification  Chart  (fig.  38).  When  dry,  silt 
can  be  pulverized  easily  under  finger  pressure 
(indicative  of  very  slight  dry  strength),  and  will 
have  a  smooth  feel  between  the  fingers  in  contrast 
to  the  grittiness  of  fine  sand. 

Silts  differ  among  themselves  in  size  and  shape 
of  grains,  which  are  reflected  mainly  in  the  prop- 
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prty  of  compressibility  For  similar  conditions 
of  previous  geologic  loading,  the  higher  the  liquid 
limit  of  11  silt,  the  more  compressible  n  is  The 
liquid  limil  of  a  typical  bulky-grained,  inorganic 
sill  i-  11 1 >•  > 1 1 1  30  percent,  while  highly  micaceous  or 
diatomaceous  silts  (so-called  elastic  silts),  con- 
sisting mainly  of  flaky  grains,  nia\  have  liquid 
limits  as  high  as  mo  percent.  TIk-  differences  in 
quicking  and  dilatancy  properties  afford  a  means 
of  distinguishing  in  the  field  between  silts  of  Ion 
liquid  limits  (L)  and  those  of  high  liquid  limits  (H). 
Clays  arc  the  plastic  lines.  They  have  low  re- 
sistance to  deformation  when  wet,  bul  t  hey  drj  to 
hard,  cohesive  masses,  ('lay--  are  virtually  im- 
pervious, difficult  to  compact  when  wet,  and  im- 
possible  to  drain  by  ordinal*}  means  Large  ex- 
pansion and  contraction  with  changes  in  water 
content  are  characteristics  of  clays.  The  small 
Bize,  Mat  shape,  and  type  of  mineral  composition  of 

day  particles  combine  to  produce  a  material  that 
is  both  compressible  and  plastic  The  higher  the 
liquid  limit  of  n  clay,  the  more  compressible  it  will 
be  when  compared  at  equal  conditions  of  previous 
geologic  loading.  Hence,  in  the  Unified  Soil  Clas- 
sification System,  the  liquid  limit  is  used  to  dis- 
tinguish between  clays  of  high  compressibility  (H) 
and  those  of  low  compressibility  (L).  Differences 
in  plasticity  of  clays  are  reflected  by  their  plasticity 
indexes.  At  the  same  liquid  limit,  the  higher  the 
plasticity  index,  the  more  cohesive  is  the  clay. 

Field  differentiation  among  clays  is  accom- 
plished by  the  toughness  test  in  which  the  moist 
Boil  is  molded  and  rolled  into  threads  until  crum- 
bling occurs,  and   by  the  dry  Strength  test   which 

measures  t he  resistance  of  the  clay  to  breaking  and 
pulverizing.     The  dry  strength  and  the  toughness 

tests  ari'  shown  in  the  Classification  Chart  (fig. 
With  a  little  experience  in  performing  these 
tests,  the  clays  of  low  compressibility  and  low 
plasticity,  "lean"  clays  (L)  can  he  readily  dis- 
tinguished from  the  highly  plastic,  highly  com- 
pressible, "fat*'  clays  (Hi. 

(c)  Organic  Matter.  Organic  matter  in  the  form 
of  partly  decomposed  vegetation  is  the  primary 
constituent  of  peat}  BOlls.  Varying  amounts  of 
finely  divided  vegetable  matter  are  found  in  plastic 
and  in  nonplastic  sediments  and  often  affect  their 
properties  sufficiently  to  influence  their  classifica- 
tion. Thus,  we  have  organic  silts  and  silt  clays  of 
low  plasticity  and  organic  clays  of  medium  to  high 

plasticity.     Even  small  amounts  of  organic  ma- 


terial m  colloidal  form  in  a  clay  will  result  hi  an 
appreciable  increase  in  liquid  limit  of  the  material 
without   increasing  its  plasticity   index      Organic 

soils  are  dark  gray  or  black   in  color  and   usually 

have  a  characterisl  ic  odor  of  decay.    <  Organic  days 

feel  BDOngy  in  the  plastic  range  as  compared  to 
inorganic   clays.      The   tendency   for  soils   high   in 

organic  content   to  create'  voids  by  decaj   or  to 

change  the  physical  characteristics  of  a  soil  mass 
through  chemical  alteration  makes  them  unde- 
sirable for  engineering  use.  Soils  containing  even 
moderate  amounts  of  organic  matter  are  - 1 Lr 1 1 1 1 i - 
cantly  more  compressible  and  less  stable  than 
inorganic  soils;  hence,  they  are  less  desirable  for 
engineering  use 

88.  Unified  Soil  Classification  System.  (a  <<>it- 
i  nil .  Soils  in  nature  seldom  exist  separately  as 
gravel,  sand,  silt,  clay,  or  organic  matter  but   arc 

usually  found  as  mixtures  with  varying  proportions 

of  these  components.  The  Unified  Soil  Classifica- 
tion System  is  based  on  recognition  of  the  type  and 
predominance  of  the  constituents,  considering 
grain  size,  gradation,  plasticity,  and  compressi- 
bility. It  divides  soils  into  three  major  diviaio 
coarse-grained  soils,  fine-grained  soils,  and  highly 
organic  (peaty)  soils.  In  the  field,  identification  is 
accomplished  by  visual  examination  for  the  con 
grains  and  by  a  few  simple  hand  tests  for  the  fine- 
grained soils  or  fraction.  In  the  laboratory  the 
grain-size  curve  and  the  Atterbcrg  limits  can  be 
used.  The  peaty  soils  (Pt)  are  readily  identified 
by  color,  odor,  spongy  feel,  ami  fibrous  texture, 
and  are  not  further  subdivided  in  the  classification 
system 

(b)  Field  Classification.  A  representative  sam- 
ple of  soil  (excluding  particles  larger  than  3 
inches)  is  first  classified  as  coarse-grained  or  fine- 
grained by  estimating  whether  50  percent,  by 
weight,  of  the  particles  can  be  seen  individually 
by  the  naked  eye.  Soils  containing  more  than 
50  percent  of  particles  that  can  be  seen  are  coarse- 
grained soils;  sods  containing  more  than  50  percent 
of  particles  smaller  than  the  eye  can  see  are  fine- 
grained soils.  If  the  soil  is  predominantly  com 
grained,  it  is  then  identified  as  being  a  gravel  or  a 
sand  by  estimating  whether  .">()  percent  or  more,  by 
weight,  of  the  coarse  grains  are  larger  or  smaller 
than  the  No.  i  Bieve  size  (about  '«  ini 

If  the  soil  is  a  gravel,  it  is  next  identified  as 
being  "clean"  (containing  little  or  no  fines),  or 
"dirty"    (containing    an    appreciable    amount    of 
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fines) .  For  clean  gravels  final  classification  is  made 
by  estimating  the  gradation:  the  well-graded 
gravels  belong  to  the  GW  group,  and  uniform  and 
skip-graded  gravels  belong  to  the  GP  group. 
Dirty  gravels  are  of  two  t3-pes:  those  with  non- 
plastic  (silty)  fines  (GM)  and  those  with  plastic 
(clayey)  fines  (GC).  The  determination  of 
whether  the  fines  are  silty  or  clayey  is  made  by 
the  three  manual  tests  for  fine-grained  soils. 

If  a  soil  is  a  sand  the  same  steps  and  criteria  are 
used  as  for  the  gravels  in  order  to  determine 
whether  the  soil  is  a  well-graded  clean  sand  (SW), 
poorly  graded  clean  sand  (SP),  sand  with  silty  fines 
(SM),  or  sand  with  clayey  fines  (SC). 

If  a  material  is  predominantly  (more  than  50 
percent  by  weight)  fine-grained,  it  is  classified 
into  one  of  six  groups  (ML,  CL,  OL,  MH,  CH, 
OH)  by  estimating  its  dilatancy  (reaction  to 
shaking),  dry  strength  (crushing  characteristics), 
and  toughness  (consistency  near  the  plastic  limit), 
and  by  identifying  it  as  being  organic  or  inorganic. 
The  test  procedures  and  the  behavior  of  the  various 
groups  of  fine-grained  soils  for  each  of  the  hand 
tests  are  shown  on  the  Classification  Chart 
(fig.  38). 

Soils  that  are  typical  of  the  various  groups  are 
readily  classified  by  the  foregoing  procedures. 
Many  natural  soils,  however,  will  have  property 
characteristics  of  two  groups,  because  they  are 
close  to  the  borderline  between  the  groups  either 
in  percentages  of  the  various  sizes  or  in  plasticity 
characteristics.  For  this  substantial  number  of 
soils,  boundary  classifications  are  used;  that  is, 
the  two  group  symbols  most  nearly  describing  the 
soil  are  connected  by  a  hyphen,  such  as  GW-GC. 

If  the  percentages  of  gravel  and  sand  sizes  in  a 
coarse-grained  soil  are  nearly  equal,  the  classifi- 
cation procedure  is  to  assume  that  the  soil  is  a 
gravel  and  then  continue  on  the  chart  until  the 
final  soil  group,  say  GC,  is  reached.  Since  it  could 
have  been  assumed  that  the  soil  is  a  sand,  the  cor- 
rect field  classification  is  GC-SC,  because  the 
criteria  for  the  gravel  and  sand  subgroups  are 
identical.  Similarly,  within  the  gravel  or  sand 
groupings,  boundary  classifications  such  as  GW- 
GP,  GM-GC,  GW-GM,  SW-SP,  SM-SC,  and 
SW-SM,  can  occur. 

Proper  boundary  classification  of  a  soil  near 
the  borderline  between  coarse-grained  and  fine- 
grained soils  is  accomplished  by  classifying  it  first 
as  a  coarse-grained  soil  and  then  as  a  fine-grained 


soil.  Such  classifications  as  SM-ML  and  SC-CL 
are  common. 

Within  the  fine-grained  division,  boundary 
classifications  can  occur  between  low-liquid-limit 
soils  and  high-liquid-limit  soils  as  well  as  between 
silty  and  clayey  materials  in  the  same  range  of 
liquid  limits.  For  example,  one  may  find  ML— 
MH,  CL-CH,  and  OL-OH  soils;  ML-CL,  ML- 
OL,  and  CL-OL  soils;  and  MH-CH,  MH-OH, 
and  CH-OH  soils. 

(c)  Laboratory  Classification. — Although  most 
classifications  of  soil  will  be  done  visually  and  by 
simple  hand  tests,  the  Unified  Soil  Classification 
System  has  provided  for  precise  delineation  of 
the  soil  groups  by  mechanical  analyses  and  Atter- 
berg  limits  tests  in  the  laboratory.  Laboratory 
classifications  are  often  performed  on  representa- 
tive samples  of  soils  which  are  being  subjected  to 
extensive  testing  and  to  verify  field  classifications 
when  used  in  the  design  of  small  dams.  Labora- 
tory classification  can  be  used  to  advantage  in 
training  the  field  classifier  of  soils  to  improve  his 
ability  to  estimate  percentages  and  degrees  of 
plasticity. 

The  grain-size  curve  is  used  to  classify  the  soil 
as  being  coarse-grained  or  fine-grained,  and  if 
coarse-grained,  into  gravel  or  sand  by  size,  using 
the  50-percent  criterion.  Within  the  gravel  or 
sand  groupings,  soils  containing  less  than  5  per- 
cent finer  than  the  No.  200  sieve  size  are  consid- 
ered "clean"  and  are  then  classified  as  well  graded 
or  poorly  graded  by  their  coefficients  of  uni- 
formity and  of  curvature.  In  order  for  a  clean 
gravel  to  be  well  graded  (GW),  it  must  have  both 
a  coefficient  of  uniformity,  Cu,  greater  than  4  and 
a  coefficient  of  curvature,  Ce,  between  1  and  3 ; 
otherwise,  it  is  classified  as  a  poorly  graded  gravel 
(GP).  A  clean  sand  having  both  Cu  greater  than 
6  and  Ce  between  1  and  3  is  in  the  SW  group; 
otherwise,  it  is  a  poorly  graded  sand  (SP). 

Laboratory  classification  criteria  for  coarse- 
grained soils  and  for  fine-grained  soils  are  given 
in  the  Soil  Classification  Chart,  figure  38. 

89.  Engineering  Characteristics  of  Soil  Groups. — 
(a)  General. — Although  there  is  no  satisfactory 
substitute  for  actual  testing  to  determine  the  im- 
portant engineering  properties  of  a  particular  soil, 
approximate  values  for  typical  soils  of  each  classi- 
fication group  can  be  given  as  a  result  of  statistical 
analysis  of  existing  information.  The  attempt  to 
put  soils  data  into  quantitative  form  involves  the 
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n-k  of  (l)  the  data  not  being  representative,  and 
use  of  the  values  in  design  without  adequate 
safet}  factors.  For  the  design  of  small  dams, 
however,  where  investigation  lias  disclosed  no 
complex  problems,  expensive  laboratory  testa  of 
permeability,  shear,  and  consolidation  of  soil- 
appear  unwarranted  and  the  use  of  average  values 
of  these  properties  is  permiaaible.  Since  the  values 
pertain  to  the  soil  groups,  proper  soil  classification 

becomes  of  vital  importance.  Verification  of 
Geld  identification  by  laboratory  gradation  and 
Atterberg  limits  teats  should  be  made  on  repre- 
sentative samples  of  each  soil  group  encountered. 
Table  6  is  a  summary  of  values  obtained  on 
more  than  1,600  soil  teats  performed  in  the  En- 
gineering Laboratories  of  the  Bureau  of  Reclama- 
tion in  Denver,  Colo.,  arranged  according  to  the 
main  soil  classification  groups  and  two  frequently 
urring  boundary  groupa.  The  data  for  this 
table  were  obtained  from  reports  for  which  Labo- 
ratory -"il  classifications  were  available.  The 
large  majority  of  soils  were  from  the  17  Western 
States  of  the  United  States  in  which  the  Bureau 
operates;  however,  some  foreign  soils  were  in- 
cluded. Although  the  sampling  area  of  the  soils 
tested  is  limited,  it  is  believed  that  the  Unified 
Soil  Classification  System  is  relatively  insensitive 
to  geographical  distribution.  The  procedure  for 
determining  which  of  many  submitted  samples 
should  be  tested  is  in  itself  conducive  to  obtaining 


a  representative  range  of  values,  since  samples 
wen'  selected  from  the  coarsest   finest .  and  average 

-ml  within  a  potent  nil  SOU!  I 

For  each  soil  property  listed,  t  he  average  and  it- 

'in  percent  confidence  limits  are  given  where  suffi- 

cient    data    wen-   available   to  determine   them 

Since  all   laboratory   tests,   except    large-sized    per- 

meabilit]   teats,  were  made  on  the  minus  \"    t 

fraction  of  the  soil,  data  on  average  values  for  the 
gravels   ate    not    available   for   moel    properl 
However,  an  indication  as  to  whether  these  aver- 
age  values   will    be  greater   than   or   less   than    the 

average  values  fm  the  corresponding  sand  group  is 
given  in  the  table.  The  averages  -hown  are  -uh- 
ject  to  uncertainties  that  arise  from  sampling 
fluctuations,  and  they  tend  to  vary  from  the  true 
averages  more  widely  if  the  number  of  observations 
is  small.  The  plus  oi  minus  limits  given  are  de- 
termined mathematically  from  the  number  of  ob- 
servations and  from  the  standard  deviation  of  the 
data  used  to  determine  the  average.  These  limits 
imply  that  the  true  average,  obtained  by  securing 
and  testing  more  and  more  samples  under  the  same 
essential  conditions,  lies  within  the  plus  or  minus 
values  (•  chances  out  of  10  [4]. 

The   values  for   Proctor  maximum  dry  density 
and  optimum  water  content  were  obtained  by  !• 
described  in  section  115.     The  other  properties  are 
based    on    tests   made   on   samples   compacted    to 
Proctor  maximum  dry  density  at  optimum  water 


Table  6. — Average  properties  of  .soils 
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The  ±  entry  Imllcntes  90  percent  confidence  limits  of  the  average  value         *  1  -  less  than 
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content.  The  value  of  void  ratio,  e0,  is  the  ratio 
of  the  portion  of  the  volume  of  the  soil  mass  oc- 
cupied by  water  and  air,  to  the  volume  of  the  soil 
grains.  It  is  derived  from  the  Proctor  maximum 
dry  density  and  the  specific  gravity  of  the  grains. 
The  MH  and  CH  soil  groups  have  no  upper  bound- 
ary of  liquid  limits  in  the  classification;  hence,  it  is 
necessary  to  give  the  range  of  those  soils  included 
in  the  table.  The  maximum  liquid  limits  for  the 
MH  and  the  CH  soils  tested  were  81  and  88  per- 
cent, respectively.  Soils  with  higher  liquid  limits 
than  these  will  have  inferior  engineering  properties. 

(b)  Permeability. — The  voids  in  the  soil  mass 
provide  passages  through  which  water  may  move. 
Such  passages  are  variable  in  size  and  the  paths  of 
flow  are  tortuous  and  interconnected.  If,  how- 
ever, a  sufficiently  large  number  of  paths  of  flow 
are  considered  as  acting  together,  an  average  rate 
of  flow  for  the  soil  mass  can  be  determined  under 
controlled  conditions  that  will  represent  a  property 
of  the  soil.  The  water  movement  is  called  percola- 
tion; the  measure  of  it  is  called  permeability;  and 
the  factor  relating  permeability  to  unit  conditions 
is  called  the  coefficient  of  permeability,  k,  which 
represents  the  discharge  through  a  unit  area  at  unit 
hydraulic  gradient.  The  use  of  k  in  estimating 
flow  through  soils  is  discussed  in  section  125(b). 
There  are  many  units  of  measurement  in  common 
use  for  expressing  the  coefficient  of  permeability. 
The  one  used  in  table  6  is  feet  per  year,  or  cubic 
feet  per  square  foot  per  year  at  unit  gradient.  One 
foot  per  year  is  virtually  equal  to  10~6  centimeters 
per  second. 

The  coefficient  of  permeability  of  natural  soil 
deposits  ranges  from  1  million  feet  to  0.001  foot  per 
year.  In  many  soil  deposits  the  permeability 
parallel  to  the  bedding  planes  may  be  100  or  even 
1 ,000  times  as  large  as  the  permeability  at  right 
angles  to  the  bedding  planes.  Permeability  in 
some  soils  is  very  sensitive  to  small  changes  in 
density,  water  content,  or  gradation.  Because  of 
the  possible  wide  variation  in  permeability,  a 
numerical  value  of  k  should  be  considered  only  as 
an  order  of  magnitude.  It  is  customary  to  de- 
scribe soils  with  permeabilities  less  than  1  foot  per 
year  as  impervious;  those  with  permeabilities  be- 
tween 1  and  100  feet  per  year  as  semipervious;  and 
soils  with  permeabilities  greater  than  100  feet  per 
year  as  pervious.  These  values,  however,  are  not 
absolute  for  the  design  of  dams.  Successful  struc- 
tures have  been  built  whose  various  zones  were 


constructed  of  soils  with  permeabilities  not  within 
these  respective  ranges. 

(c)  Compressibility. — Two  values  are  given  for 
compressibility :  the  value  at  20  pounds  per  square 
inch  effective  stress,  and  the  value  at  50  pounds 
per  square  inch  effective  stress.  These  values  are 
for  confined  compression  with  drainage  permitted. 
In  the  confined  compression  test  the  soil  is  pre- 
vented from  moving  laterally  by  the  sides  of  the 
container.  Porous  stones  on  the  top  and  the 
bottom  permit  the  water  and  air  in  the  compacted 
specimens  to  drain  under  the  load.  The  value  re- 
corded is  the  percentage  reduction  of  initial  vol- 
ume at  equilibrium  under  the  applied  vertical 
stress.  The  phenomenon  of  compressibility  is  as- 
sociated with  changes  in  volume  in  the  voids  and 
only  to  a  very  limited  extent  with  changes  in  the 
solid  particles.  If  the  voids  are  to  a  large  extent 
filled  with  air,  the  addition  of  a  load  on  the  soil 
mass  will  result  in  compression  almost  imme- 
diately. If,  on  the  other  hand,  the  voids  are  very 
nearly  or  completely  filled  with  water,  very  little 
or  no  compression  will  take  place  immediately 
upon  application  of  the  load,  and  only  as  the  water 
drains  from  the  soil  mass  will  consolidation  take 
place.  If  the  water  can  drain  readily  from  the  soil 
mass,  consolidation  may  take  place  in  a  relatively 
short  period  of  time,  but  if  the  soil  is  verjT  im- 
pervious and  the  soil  mass  is  large,  complete  con- 
solidation may  require  many  years. 

(d)  Shearing  Strength. — Three  different  values 
are  given  for  the  soil  groups  under  this  heading: 
C0,  Csat,  and  tan  <t>.  The  values  of  C0  and  tan  <t> 
are  the  vertical  intercept  and  the  slope,  respec- 
tively, of  the  Mohr  strength  envelope  on  an  effec- 
tive stress  basis.  The  Mohr  plot  is  shown  in  figure 
39.  The  Mohr  strength  envelope  is  obtained  by 
testing  several  sealed  specimens  of  soil,  at  the 
Proctor  maximum  dry  density  and  optimum  water 
content,  in  a  triaxial  shear  machine  in  which 
pore-water  pressures  developed  during  the  test 
are  measured.  The  effective  stresses  are  obtained 
by  subtracting  the  measured  pore-water  pressures 
in  the  specimen  from  the  stresses  applied  by  the 
machine.  No  drainage  is  permitted  during  the 
tests;  hence,  they  are  sometimes  called  unconsoli- 
dated quick  tests.  The  value  Csa,  was  obtained 
by  preparing  a  specimen  at  Proctor  maximum 
dry  density  and  optimum  water  content,  satu- 
rating it,  and  shearing  it  to  failure  to  obtain  the 
small  circle  shown  in  figure  39.     The  value  Csat 
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of  stress  at   failure 
pecimens   placed  at 
density . 


'-Circle  of   stress  at  failure  for  specimen 
placed  at    Proctor  density  then  saturated. 

Figure  39.      Shearing  strength  of  compacted  soils. 


is   the  intercept   on   the   vertical   axis  of  a  line 
tangent  to  the  circle  having  an  inclination  <t>. 

These  values  for  shearing  Btrength  are  appli- 
cable for  use  in  Coulomb's  equation: 


where: 


8  =  C+(a—u)  tan  4> 


«= ah  earing  Btrength  per  unit  of  area. 
U= pore-water  pressure, 
reapplied  normal  stress, 


tan  <t>  is  as  previously  defined,  and 
C  is  either  C0  or  (\a,  depending  on  the  water 
content  of  the  soil. 

A  discussion  of  the  significance  of  pore-water  pres- 
sure in  the  laboratory  tests  is  beyond  the  scope  of 
this  text.  The  effective-stress  principle,  however, 
which  takes  the  pore-water  pressures  into  account, 
was  used  in  arriving  at  recommended  slopes  given 
in  chapter  V. 


D.    ROCK  CLASSIFICATION 

(Adapted  from  the  Army  publication  Geology  and  its  Military  Applications  [5]) 


90.  Rocks   and   Minerali. — (a)     Definition    and 
Types.-    In  a  broad  sense  rocks  are  aggregates  "f 

minerals.  The  principal  exceptions  to  this  defini- 
tion   are    the    products   of   organic    decay   such    as 

coal,  and  volcanic  glasses  Buch  as  obsidian,  To 
the  engineer  the  term  "rock"  BignifieS  linn  and 
coherent    or  consolidated   substances   that    cannot 

normally  be  excavated  by  manual  methods  alone. 

Based  on   the  principal   mode  of  origin,   rock-  are 


grouped  into  three  large  classes:  igneous,  sedi- 
mentary, and  metamorphic.  These  are  discussed 
in  more  detail  in  sections  91,  92,  and  93. 

(b)  Mineral  Identification.'  The  physical  prop- 
erties characteristic  of  a  mineral,  controlled  by  its 
chemical  composition  and  molecular  structure,  are 
valuable  aids  in  its  rapid  field  identification. 
Those  characteristics  which  can  be  determined  by 
simple    field    tests    are    introduced    to    aid    in    the 
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identification  of  minerals  and  indirectly  in  the 
identification  of  rocks. 

Hardness. — The  hardness  of  a  mineral  is  a 
measure  of  its  ability  to  resist  abrasion  or  scratch- 
ing. A  simple  scale  based  on  empirical  tests  for 
hardness  has  been  universally  accepted.  The 
10  minerals  selected  to  form  the  standard  of  com- 
parison, listed  in  order  of  increasing  hardness  from 
1  to  10  are: 

Talc  or  mica 1 

Gypsum  (fingernail  about  2) 2 

Calcite 3 

Fluorite  (copper  coin  between  3  and  4) 4 

Apatite  (knife  blade  about  5) 5 

Feldspar  (window  glass  about  5.5) 6 

Quartz 7 

Topaz  or  beryl 8 

Corundum 9 

Diamond 10 

When  testing  the  hardness  of  a  mineral  always 
use  a  fresh  surface;  always  rub  the  mark  to  make 
sure  it  is  really  a  groove  made  by  scratching. 
If  an  unknown  mineral  scratches  and  in  turn  is 
scratched  by  a  member  of  the  scale  or  a  testing 
medium  (copper  coin,  pocketknife,  or  window 
glass),  the  two  are  of  equal  hardness. 

Cleavage.' — A  material  is  said  to  have  cleavage 
if  smooth,  plane  surfaces  are  produced  when  the 
mineral  is  broken.  This  is  a  fairly  consistent 
physical  property  of  minerals  and  when  present 
is  of  great  value  in  their  identification.  Cleavage 
invariably  occurs  along  parallel  planes.  Some 
minerals  have  one  cleavage ;  others  have  two,  three, 
or  even  more  different  cleavage  directions  which 
may  have  varying  degrees  of  eminence.  The 
number  of  cleavage  directions  and  the  angle  at 
which  they  intersect  serve  as  aids  in  identification 
of  a  mineral  (fig.  40). 

Fracture. — The  broken  surface  of  a  mineral,  in 
directions  other  than  those  of  cleavage  planes,  is 
called  the  fracture.     In  some  cases  this  property 


Figure  40.     Mineral  cleavage.     (U.S.  Corp$  of  Engineers.) 


DESIGN  OF  SMALL  DAMS 

may  be  very  helpful  in  field  identification.  The 
common  types  of  fracture  are  conchoidal,  if  the 
fracture  has  concentric  curved  surfaces  like  the 
inside  of  a  clamshell;  irregular,  if  the  surface  is 
rough;  and  splintery  if  it  has  the  appearance  of 
wood. 

Luster. — The  luster  of  a  mineral  is  the  appear- 
ance of  its  surface  due  to  the  quality  and  intensity 
of  the  light  reflected.  Two  major  kinds  are  recog- 
nized, metallic  and  nonmetallic.  The  main  dif- 
ference between  the  two  is  indicated  by  the  name. 
In  addition  metallic  minerals  are  opaque,  or  nearly 
so,  whereas  nonmetallic  minerals  are  transparent 
on  their  thin  edges.  Some  of  the  common  non- 
metallic  lusters  are  vitreous,  having  the  luster  of 
glass;  pearly,  having  the  irridescence  of  pearl;  and 
adamantine,  having  brilliant  luster  like  that  of  a 
diamond. 

Color. — The  color  of  a  mineral,  as  an  aid  in  its 
identification,  must  be  used  with  proper  precau- 
tion, since  some  show  a  wide  range  without  per- 
ceptible change  in  composition.  Color  on  the 
whole,  however,  is  fairly  consistent,  particularly  in 
the  metallic  minerals  where  it  is  a  great  help  in  field 
identification. 

Streak. — The  color  of  the  fine  powder  of  a  min- 
eral, obtained  by  rubbing  it  on  some  white  sub- 
stance, preferably  unglazed  porcelain,  is  known  as 
its  streak.  The  streak  of  a  mineral  is  quite  con- 
sistent within  a  given  range,  even  though  its  color 
may  vary. 

(c)  Common  Rock-Forming  Minerals. — Only  a 
dozen  or  so  of  the  2,000  known  varieties  of  minerals 
are  found  in  most  common  rocks.  Descriptions  of 
the  most  important  of  these  rock-forming  minerals 
or  mineral  groups  follow: 

Quartz. — Silicon  dioxide.  Hardness,  7,  scratches 
glass  easily.  No  cleavage.  Fracture  conchoidal. 
Luster,  vitreous.  Common  varieties,  usually 
white  or  colorless.  Streak,  white  or  colorless. 
Typical  examples  are  milky  quartz  and  rock  crys- 
tal quartz. 

Feldspar  group. — Potassium-aluminum  silicate 
or  sodium-calcium-aluminum  silicate.  Hardness, 
6,  scratches  glass  with  difficulty.  Luster,  vitreous. 
Streak,  white.  Orthoclase  is  a  common  potassium- 
rich  variety  which  is  typically  colorless,  white, 
gray,  pink,  or  red,  and  has  two  good  directions  of 
cleavage  that  intersect  at  90°  to  each  other  (0  of 
fig.  40).  The  sodium-calcium-rich  feldspars,  com- 
monly   referred    to    as    plagioclase    feldspar,    are 
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typically  of  various  shades  of  gray,  have  two 
cleavage  directions  that  intersect  al  angles  of 
iifinh  90  t<>  each  other,  and  can  be  distinguished 
from  orthoclase  feldspar  l>\  the  presence  of  fine, 
parallel  lines  that  appear  on  the  basal  cleavage 
Burface. 

\l  rn  group  Complex  potassium-aluminurn  sil- 
icates, often  with  magnesium,  iron  and  sodium. 
Hardness,  2  to  3,  can  be  scratched  with  the  thumb- 
nail. Good  cleavage  in  one  direction.  Luster, 
vitreous  to  pearly.  Transparent,  with  varying 
similes  of  yellow,  brown,  green,  red,  and  black  in 
thicker  specimens  Streak,  white  The  true  char- 
acteristic of  this  group  is  that  its  minerals  are 
capable  of  being  split  very  easily  into  extremely 
thin  and  flexible  sheets.  Biotites  (black)  and 
muscovites  (white)  are  two  representative  varie- 
ties 

AmphiboU  group.  Complex  calcium-magne- 
sium-iron  silicates,  Hardness,  5  to  6  Cleavage 
in  two  directions  at  angles  56  and  124°.  Color, 
lighl  to  dark  green  to  black.  Streak,  white  to 
grayish-green.  Hornblende  is  a  common  variety 
that  is  usually  distinguishable  from  other  am- 
phiboles  l>\  its  dark  color. 

Pyroxent  group.  Complex  calcium-iron  sili- 
cates, closely  analogous  chemically  to  the  am- 
phibole  group.  Hardness,  •">  to  i;  Two  directions 
of  cleavage,  making  angles  of  about  87°  and  93°, 
an  important  characteristic  useful  in  distinguishing 
between  the  minerals  of  the  pyroxene  and  ani- 
phibole  groups.  Color,  light  to  dark  green  to 
black.  Streak,  white  to  grayish-green.  Augite  is 
a  common  variety  that  can  be  distinguished  from 
hornblende  by  its  cleavage  angl 

Olivine.  -Magnesium-iron  silicate.  Hardness, 
to  7  No  cleavage.  Luster,  vitreous.  ( 'olor, 
olive  to  grayish-green  to  brown.  Streak,  white  to 
colorless.  An  important  characteristic  of  this 
mineral  is  its  friability  or  tendency  to  crumble  into 
small  grains,  which  is  due  to  its  granular  texture. 

C'cUciU    ami   dolomite.    -Calcium    carbonate    and 

calcium-magnesium  carbonate.     Hardness,  '■<•  and 

to  J  Perfect  cleavage  in  three  directions 
(©  in  fijr.  40).  Luster,  vitreous  to  pearl. 
Usually  white  or  colorless,  but  may  appear  in 
Bhades  of  gray,  red,  green,  blue,  or  yellow.  Streak, 
white.  Calcite  may  develop  in  large  crystals, 
whereas   dolomite   i^   commonly   found    in   coat 

granular  mas 
Clay    minera  i      Bxtremelj    complex    hydrous 

I84SM  0   -60 — 9 


aluminum  Bilicate,     Hardness,  2  >  Luster, 

dull  to  earthy.  Color,  white,  gray,  greenish,  and 
yellowish-white.      The     three     most     important 

groups  <»f  clay  minerals  are  kaolinite,  montnioiil- 
lonite,  and  ilhte  Almost  all  days  contain  one 
or  more  of  these  three  groups.  <  'lay  minerals  can 
be  distinguished  only  under  the  microscope  and 

with    the    aid    of    X-ra\    equipment.      They    occur 

typicallj    in    very    fine-grained    masses    of    thin 

inii-alike  BCaleS. 

LimoniU    <//<</  hematite.     Hydrous   ferric   oxide 

and     ferric    oxide.       Hardin  and     6.5        No 

cleavage.  (  'olor,  dark  brown  to  black  and  reddish- 
brow  n  to  black,  depending  on  the  variety.  Lini- 
onite  has  a  yellowish-brown  streak  and  is  charac- 
teristically found  in  dark  brown,  nodulai.  earthy 
masses  with  no  apparent  crystal  structure.  Hem- 
atite has  a  lighl  to  dark  Indian-red  streak,  usually 
occurs  in  earth]  masses,  but  occasionally  is  found 
in  botryoidal  or  reniform  shapes  known  as  kidney 
ore  and  in  foliated  masses  known  as  specular 
iron.  Limonite  and  hematite  are  important  color- 
ing and  cementing  minerals  in  many  different 
rocks,  especially  in  the  sedimentary  group. 

91 .  Igneous  Rocks. — (a)  General.  The  igneous 
rocks  are  commonly  referred  to  as  primary  rocks. 
They  are  those  rocks  which  have  solidified  from  a 
molten  mass  called  magma  when  in  the  body  of 
the  earth  (intrusive  rocks),  or  from  lava  when 
extruded  on  the  earth's  surface  (extrusive  roc. 
Igneous  rocks  owe  their  variation  in  significant 
characteristics  to  differences  in  chemical  composi- 
tion of  the  original  molten  mass  and  to  differei 
in  physical  conditions  under  which  the  molten 
mass  solidified. 

Intrusive  igneous  rock  masses  are  shown  in 
figure  41.  Dikes  are  tabular  igneous  bodies  that 
are  commonly  intruded  at  an  angle  to  the  bedding 
of  the  surrounding  formation   (fij;.    !_'         Sills  are 

BATHOLITH  SILL 


□Contact 
metamorph/c  zone 

Figure  41.      Intrusive  igneous  mattes.      (U.S.  Corpt  of  Engineers  ) 
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Figure  42.     Three  dikes  cutting  sedimentary  beds.     (U.S.  Corps 
of  Engineers.) 

similar  bodies  which  are  usually  intruded  parallel 
to  the  bedding  planes  of  the  rocks  which  enclose 
them.  The  thickness  of  a  dike  or  a  sill  may  vary 
from  a  few  inches  to  several  hundreds  of  feet, 
but  this  dimension  is  usually  quite  small  in  rela- 
tion to  the  length  and  width  of  the  intrusive 
body.  For  example,  the  Palisades  sill  of  Xew 
York  has  a  thickness  of  1,000  feet  and  a  length  of 
over  100  miles.  Very  large,  irregular  masses  of 
intrusive  igneous  rock  covering  many  square 
miles  of  area  are  called  batholiths.  Although 
originally  deeply  buried  beneath  the  earth's  sur- 
face, the j*  have  become  exposed  through  a  process 
of  uplift  and  erosion.  A  very  striking  example  of 
an  exposed  batholith  is  the  one  in  central  Idaho 
which  has  an  estimated  area  of  over  80,000  square 
miles. 

Extrusive  igneous  rock  masses  include  lava 
flows  and  volcanic  ejecta.  Lava  flows  are  the 
result  of  the  solidification  of  lava  which  has  issued 
from  fissures  in  the  earth's  crust  or  poured  out 
of  volcanoes.  These  flows  are  the  most  common 
modes  of  occurrence  of  extrusive  igneous  rocks. 
Among  the  most  notable  of  the  enormous  lava 
flows  in  the  world  is  the  Columbia  River  Plateau 
of  Washington,  Oregon,  and  Idaho.  The  lava 
sheets  cover  approximately  200,000  square  miles 
and  the  succession  of  flows  has  a  known  cumulative 
thickness  of  4,000  feet.  Explosive  volcanoes 
frequently  eject  great  quantities  of  broken  and 
pulverized    rock    material    and    blobs    of    molten 


lava  which  solidify  before  striking  the  ground. 
These  solid  volcanic  ejecta  are  termed  pyroclastic 
material,  which  varies  in  size  from  great  blocks 
weighing  many  tons  through  small  cinders  or 
lapilli  to  fine  dust-sized  particles  referred  to  as  ash. 
(See  fig.  43.) 

(b)  Classification  of  Igneous  Rocks. — Chemical 
composition  and  texture  are  used  to  classify 
igneous  rocks.  A  mass  of  molten  rock  material 
may  be  regarded  as  a  complex  solution  containing 
oxide  of  silicon  which  behaves  as  an  acid;  and 
oxides  of  iron,  aluminum,  calcium,  magnesium, 
potassium,  and  sodium  which  behave  as  bases. 
If  more  acid  is  available  than  is  necessary  to 
satisfy  the  bases  in  the  magma,  the  surplus  will 
show  itself  as  free  silicon  dioxide  (quartz),  and 
the  resulting  rock  is  said  to  be  acidic.  If  the 
bases  are  excessive,  iron-magnesium  minerals  will 
be  present  and  t he  rock  is  said  to  be  basic.  As 
a  rule  acidic  rocks  are  light  colored;  basic  rocks  are 
dark  to  black.  The  one  striking  exception  to 
this  rule  is  obsidian,  an  acid  rock  which  is  normally 
black. 

Texture  refers  to  the  size  and  arrangement  of 
the  mineral  grains  in  the  rock  (fig.  44).  These 
factors  are  influenced  primarily  by  the  rate  at 
which  the  molten  mass,  magma  or  lava,  cools. 
A  constant  rate  of  cooling  produces  rocks  in  which 
the  constituent  mineral  grains  are  approximately 
the  same  size.  In  general  the  slower  the  molten 
material  cools,  the  larger  the  size  of  the  mineral 
grains.  A  change  in  the  rate  of  cooling  from  an 
initial  slow  phase,  followed  by  a  more  rapid  phase, 
usually  produces  porphyritic  texture  (®  of  fig.  44). 
These  rocks  are  characterized  by  mineral  grains 
of  two  dominant  size  groups — phenocrysts,  or 
large  grains,  in  a  ground  mass  or  background  of 
smaller  grains.  Textural  terms  used  in  the  classi- 
fication of  igneous  rocks  are: 

Coarse-grained  in  which  the  crystals  are  visible 
to  the  naked  eye  (®  of  fig.  44). 

Fine-grained  in  which  crystals  of  like  or  equal 
size  generally  form  throughout  the  whole  mass  of 
rock,  but  the  individual  grains  can  generally  be 
seen  only  with  a  strong  hand  lens  or  with  a  micro- 
scope (©  of  fig.  44). 

Classy  (noncrystalline)  in  which  the  rock  has 
a  noncrystalline  or  glassy  texture  (®  of  fig.  44). 

Table  7  lists  the  common  igneous  rocks.  Those 
of  similar  chemical  composition  or  mineral  content 
are  listed  in  the  vertical  column;  those  of  similar 
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Figure  43.     Blocky  type  of  solidified  lava  flows.      Layer  of  volcanic  ejecta  (ash)  covers  area  at  left  and  in  the  foreground. 

(U.S.  Corps  of  Engineers.) 

GraniU    and   rhyoliU    are  composed   largely   of 
quartz   and    feldspar   (mainly  of   the  orthocli 
variety),  and  as  a  rule  contain  mica  (generally  the 
biotite  variety). 

DioriU  and  andesiU  arc  ((imposed  of  feldspar 
(mainly  plagioclase  varieties)  and  one  or  more  dark 
minerals  (biotite,  hornblende,  oi  pyroxene). 

Qabbro  and  basalt  differ  from  diorite  in  that  the 
dark  minerals  (hornblende,  pyroxene,  and  olivine) 
predominate.  All  feldspar  is  plagioclase;  and 
biotites,  although  present  in  some  gabbros,  is 
distinctly  uncommon. 

Obsidian  and  pitchstoru  correspond  in  composi- 
tion to  granite  and  rhyolite.     Both  are  commonly 

referred  to  as  volcanic  glasses.  Obsidian  is  dark- 
colored  to  black  and  with  a  brilliant  lustei  (®  of 
fig.  44).  Pitchstone  is  lighter  colored  and  with  a 
dull  luster. 

Pumici     is    a    porOUS    Or    cellular    jrlass,    usually 

white  or  gray  in  color, 
(c)  Primary    structural    Feature*    <>f    Igneous 


Figure  44.      Textures  of    igneous  rocks:      (J    coarse-grained,     - 
fine-grained,     j     glassy,  and     '     porphyritic.      (U.S.    Corps  of 
Engineers  ) 

textures  are  listed  in  the  horizontal  column.      The 

following  are   the   minerals   in   common   igneous 

rock- 
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Table  7. — Common  igneous  rocks 


Composition 

Acid  rocks  (more  than  50  per- 
cent silica) 

Basic  rocks  (less 

than  50  percent 

silica) 

Texture 

Light-colored  minerals,  chiefly 
feldspar,  predominate 

Dark-colored  min- 
erals predominate 

Abundant 
quartz 

Little  or  no 
quartz 

Xo  quartz — abun- 
dant amphibole, 
pyroxene,  and 
plagioclase  feldspar 

Coarse-grained  (min- 
eral crystals  easily 
visible     to     naked 
eye). 

Granite.. 

Diorite _ 

Gabbro. 

Fine-grained      (min- 
eral crystals  gener- 
ally    invisible     to 
naked  eye). 

Rhyolite 

Andesite 
(Trap). 

Basalt  (Trap). 

Glassy 

Obsidian, 
pitchstone 
pumice. 

Rocks. — With  the  exception  of  those  varieties 
which  exhibit  a  glass}7  texture,  igneous  rocks  are 
composed  of  interlocking  grains  of  different  min- 
erals. On  this  basis  they  can  be  distinguished 
from  crystalline  sedimentary  and  massive  meta- 
morphic  rocks  which  normally  contain  crystals 
of  the  same  mineral.  The  distinctive  structural 
features  common  to  some,  but  not  all,  igneous 
rocks  are  as  follows: 

Flow  structure  may  be  exhibited  by  the  glassy- 
textured  igneous  rocks,  such  as  obsidian,  and  by 
the  fine-grained  extrusives,  such  as  rhyolite. 


Figure  45.     Scoriaeeous  structure  in  extrusive  lava  rock. 
Corps  of  Engineers.) 


(U.S. 


Vesicular  or  scoriaeeous  structure  is  commonly 
present  in  extrusive  igneous  rocks  (fig.  45).  Such 
rock  contains  tiny  spherical  to  almond-shaped 
openings  called  vesicles  formed  by  gas  bubbles 
in  or  rising  through  the  lava. 

Lamellar  or  platy  structure,  more  or  less  perfect, 
may  be  found  in  some  of  the  coarser  grained 
igneous  rocks.  This  structure  is  due  to  the  paral- 
lel orientation  of  such  minerals  as  mica  and  horn- 
blende, and  most  commonly  occurs  near  the  con- 
tacts of  intrusive  bodies  where  the  friction  between 
the  wall  rock  and  the  molten  material  causes  the 
platy  minerals  to  aline  themselves  in  the  direction 
of  flow. 

Columnar  structure  is  often  formed  in  fine- 
grained igneous  rocks  by  the  development  of 
shrinkage  cracks  (joints)  as  the  molten  mass  cools 
and  solidifies.  This  structural  feature  is  com- 
monly found  in  basaltic  intrusions,  such  as  dikes 
and  sills,  that  cooled  at  a  moderate  rate  (fig.  46) 
and  in  many  lava  flows. 

92.  Sedimentary  Rocks. — (a)  General. — Sedimen- 
tary rocks,  also  known  as  stratified  rocks,  are  of 
secondary  origin.  They  are  formed  of  layerlike 
masses  of  sediment  that  have  hardened  through 
cementation,  compaction,  or  incipient  recrystal- 
lization.  The  inorganic  material  entering  into 
the  composition  of  most  sedimentary  rocks  is 
derived  from  the  disintegration  and  decomposi- 
tion of  preexistent  igneous,  sedimentary,  and  meta- 
morphic  rocks.  This  material  is  then  moved  from 
its  original  position  by  water,  wind,  or  glaciers 
in  the  form  of  solid  particles  or  dissolved  salts. 
Rock  particles  dropped  from  suspension  produce 
deposits  of  clastic  or  fragmental  sediment.  By 
chemical  reaction  the  dissolved  salts  become  in- 
soluble and  form  precipitated  sediments;  or  by 
evaporation  of  the  water  medium  they  form 
evaporites. 

The  relative  magnitude  of  pyroclastic  deposits  is 
not  too  well  known,  but  it  appears  that  they 
constitute  only  a  small  part  of  the  sedimentary 
rocks  in  the  earth's  crust.  The  quantity  of  ma- 
terial, however,  which  can  be  ejected  at  a  single 
volcanic  eruption  and  transported  by  the  wind  is 
quite  large.  The  organic  material  entering  into 
the  composition  of  a  very  small  percentage  of  the 
total  sedimentary  rock  mass  is  the  result  of  the 
activities  of  plants  and  animals,  either  directly  or 
indirectly.  Included  in  this  group  are  certain 
protective  and  supporting  structures  produced  by 
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Figure  46.  Columnar  jointing  in  basaltic  sill.  Upper  photo- 
graph it  a  tide  view  of  till  showing  regular  arrangement  of 
columns  and  lower  photograph  is  a  sectional  view  showing 
irregular  hexagonal  outline  of  each  column.  (U.S.  Corps  of 
Engineers.) 

plants  and  animals  which  on  the  death  of  the 
organism  become  sediments  and  certain  precipi- 
tated Bediments  formed  by  the  activities  of 
organisms. 

Based  on  the  mode  of  origin,  sediments  can  be 
classified  as  clastic,  chemical,  and  organic.  The 
clastic  or  fragments!  sediments  include  gravel, 
sand,  silt,  and  clay,  which  are  differentiated  by 
the  dimensions  of  the  particles  and  their  plasticity 
characteristics.  All  kinds  of  rock  contribute  to 
clastic  material.      Each  size  of  clastic  particle  may 

he  transported  by  several  agencies.     The  terms 

"gravel."  '•.and."  "silt,"  and  "clay"  have  been 
defined  in  section  85.     The  chemically  deposited 


and  organic  Bediments  are  classified  on  the  basis  of 

chemical  composition.  The  common  sediments 
formed  chemically  by  precipitation  and  evapora- 
tion and  through  the  life  prOCOSBOS  of  organisms  are 

listed  in  tab! 

The  conversion  <>f  sediment  into  rock,  some- 
times called   lithification,    is   brought    about    by 

a  combination  of  the  following  pi 

Compaction,  in  which  the  rock  or  mineral  par- 
ticles are  brought  closer  together  by  pressure  of 

Overlying  materials  such  as  conversion  of  clay  to 
shale  and  conversion  of  peat  to  coal. 

Cementation,  in  which  porous  materials  are 
bound  together  by  minerals  precipitated  from 
water  solution  such  as  silicon  dioxide  (quartz  . 
calcium   carbonate    (calcite),   and    the   iron   oxides 

(limonite  and  hematite). 

Recrystallization,  in  which  a  rock  with  an  inter- 
locking crystalline  fabric  or  grain,  such  as  crystal- 
line limestone,  is  developed  by  continued  growth 
of  the  mineral  grains  in  a  sediment  or  the  develop- 
ment of  new  minerals  from  water. 

Ii  Classification  of  Sedimentary  Rocks.  Sedi- 
mentary rocks  may  be  classified  as  clastic,  chemi- 
cal, or  organic,  based  on  the  mode  of  origin  of  the 
sediment  from  which  they  are  derived.  The 
clastic  rocks  commonly  show  separate  grains. 
The  chemical  precipitates  and  evaporites.  on  the 
other  hand,  either  have  interlocking  crystals  or 
are  in  earthy  masses.  The  organically  formed 
rocks  commonly  contain  easily  recognized  animal 
and  plant  remains,  such  as  shells,  bones,  stems,  or 
leaves.     Table  8  lists  the   common  sediment  a  ry 

Table  8. — Common  sedimentary  rocks 


Type 

ment 

Rock 

Clastic  or  fragments! 

Coarse  (gr.i--  ■ 

Conglomerate. 

Mr  Hum   - 1 1 1 ■  i 

'  one. 

Fines  (silt  and  cl;i\ 

Slltstone  and  shale. 

Pyroclastlc 

Coarse  (cinder 

Agglomerate. 

Fine  (ash)... 

Chemical  precipitates 
and  evapor 

Calcium  carbon  \i 

Calcium  in                      rhon- 

•.Ml.' 
Sodium  chloride  (\n< ". 

torn. 

Ite. 

Chert 

•:i,  anhydrite 

Rock  salt. 

Organic 

irbonate  (animal 
rem:. 

tin 

Co>|iilna,  some  coral 

rock,  and  chalk 
Coal. 
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rocks  and  the  sediment  or  material  from  which 
they  have  been  derived. 

To  analyze  their  mineral  content,  sedimentary 
rocks  are  divided  into  three  major  types:  Sand, 
cla}',  and  lime.  The  sand  and  clay  types  are 
principally  clastic.  The  lime  type  includes  the 
precipitates  and  the  calcium  carbonates  of  organic 
origin. 

Sand-type  rocks. — The  minerals  which  are  com- 
monly found  in  the  predominantly  sand-type  rocks 
such  as  conglomerates  (fig.  47)  and  sandstone,  are 
quartz  as  grains;  feldspar  as  grains;  mica  minerals 
as  small  plates;  clay  minerals;  and  limonite, 
hematite,  calcite,  and  quartz  as  cementing  ma- 
terial. 

Clay-type  rocks. — The  minerals  which  are  com- 
monly found  in  predominantly  clay-type  rocks, 
such  as  shale  and  siltstone.  are  clay  minerals; 
quartz  as  fine  grains;  mica  minerals  as  fine  plates; 
and  limonite,  hematite,  calcite,  and  quartz  as 
cementing  materials. 

Lime-type  rocks. — The  minerals  commonly  found 
in  the  predominantly  lime-type  rocks,  such  as 
limestone,  chalk,  coral  rocks,  dolomite,  and 
coquina,  are  calcite  as  visible  grains  or  crystals; 
dolomite  as  visible  grains  or  crystals;  quartz  as 


grains ;  chalcedony  or  chert  as  grains ;  clay  minerals ; 
and  lime  mud,  limonite,  hematite,  and  quartz  as 
cementing  materials. 

(c)  Primary  Structural  Features  of  Sedimentary 
Hocks. — The  primary  structural  features  inherent 
in  the  sediment  before  consolidation  are  valuable 
in  the  field  recognition  of  sedimentary  rocks.  A 
universally  prevalent  structural  feature  of  sedi- 
mentary rocks  is  their  stratification,  as  indicated 
by  differences  in  composition,  texture,  hardness, 
or  color  disposed  in  approximately  parallel  bands. 
These  strata  may  be  flat  lying,  or  nearly  so,  as 
originally  deposited;  or  they  may  be  tilted  or 
folded  as  a  result  of  movement  within  the  earth's 
crust.  Each  stratum  is  separated  from  the  one 
immediately  above  and  below  by  bedding  planes 
or  planes  of  stratification.  The  thicknesses  of 
sedimentary  strata  vary  from  a  few  inches  (thin 
bedded)  to  a  few  feet  (thick  bedded).  Very  thin 
beds  are  referred  to  as  laminae. 

A  primary  cleavage  structure  developed  parallel 
to  the  stratification  of  some  fine-grained  sedi- 
mentary rocks  is  called  bedding  fissility.  The 
ability  of  these  rocks  to  split  along  parallel  planes 
is  attributed  mainly  to  compositional  and  grain- 
size  variations  between  lavers.     Shale  is  a  sedi- 


Figure  47.      Conglomerate.      (U.S.  Corps  of  Engineers.) 
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mentan  rock  which  has  bedding  li— iht\  Some 
sedimentary  deposits,  usualh  those  romposed  i»f 
granulat  materials  bucIi  as  Band,  commonh 
rxliilui  laminae  lying  at  an  angle  t<»  the  true 
bedding  plane  Tin-;  feature  of  sedimentary  rock 
is  kn<>\\  n  a-  crosnbedding  or  cross  lamination. 

Sedimenl  deposited  in  low,  Mat  plan-.,  such  as 
flood  plain-  of  rivers  and  intermittent  lakes, 
usualh  develops  mud  crocks  winch  separate  the 
mass  into  irregular  polygonal  blocks  and  which 
mm  become  sufficiently  hardened  to  be  preserved 
during  lithification  of  the  Bediment.  Parallel 
ridges,  known  as  rippL  marks,  developed  in 
sediment  moved  l>\  wind  or  water  are  often  pre- 
served when  the  sediment  is  consolidated.  Fossils, 
the  remains  or  impressions  of  animals  and  plants, 
are  not  structural  features,  but  they  arc  important 
to  the  field  identification  of  sedimentan    rocks. 

93.  Metamorphic  Rocks.  B  Otneral,  Meta- 
morphic  rock-  arc  those  formed  from  preexistent 
igneous  or  sedimentan  rocks  n<  a  result  of  an 
enforced  adjustment  of  these  rocks  to  environ- 
ments different  from  those  in  which  they  were 
original!}   formed      This  adjustment  may  include 


the  formation  within  the  rock  of  new  structui 

text  nro.  or  mineral-,  or  all  of  1 1 

Temperature,  pressure,  ami  chemically  active' 
fluids  and  gases  arc  the  major  interrelated  factors 
involved  in  metamorphism  Bach  factor  i-  cap- 
able of  accomplishing  metamorphic  work  indi- 
vidually as  follow  - 

Temperature.  The  pffeel  of  heat  i-  twofold:  It 
increases  the  solvent  action  of  fluids,  and  n  helps 
break  up  and  change  chemical  compounds 
Extremeh  high  temperatures  maj  result  from  the 
intrusion  of  molten  masses.  The  /one  of  altered 
rock  formed  adjacent  to  the  molten  tna--  i-  called 
the    contact    metamorphic    zom  II         Heat 

may  also  be  a  normal  complement  to  the  depth 
to  which  the  rocks  are  buried.     In  thi  the 

earth-  own  heat  produces  inetaniorphi-in.  and 
the  process  is  called  geothermal  metamorphism 

I'n  <sim  .     The  compressive  force-  w  Inch  accom- 
pany   mountain   building  and  other  disturbam 
in  the  earth's  crust  are  in  the  main  responsible  for 
the  pressures  to  which  main    rocks  are  subjected. 

By  the  action  of  these  movements  rock-  could  be 
produced  in  which  the  crystals,  grains,  and  rock 
fragments  are  flattened  and  elongated  or  pulver- 
ized as  a  result  of  the  force. 


^ss&ffiSfe 


\iw  *k 


Figurt  48.      Fossiliferous  limestone.      (US.  Corps  of  Engineers  ) 
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Fluids  and  gases. — Water  is  the  most  important 
of  the  liquids  and  gases  involved  in  metamorphism. 
Under  heat  and  pressure  water  becomes  a  powerful 
chemical  agent.  It  acts  as  a  solvent,  promotes 
recrystallization,  and  takes  part  in  the  composi- 
tion of  minerals  for  which  it  is  essential.  Water 
may  be  reinforced  locally  by  carbon  dioxide  and 
fluids  issuing  from  igneous  magmas. 

(b)  Classification  of  Common  Metamorphic 
Hocks. — Metamorphic  rocks,  on  the  basis  of  their 
primary  structure,  are  readily  divided  into  two 
groups:  foliates  and  nonfoliates.  The  foliated 
metamorphic  rocks  display  a  pronounced  primary 
banded  or  layered  structure  as  a  result  of  the 
differential  pressure  to  which  they  have  been  sub- 
jected (fig.  49).  The  nonfoliated  or  massive 
metamorphic  rocks  do  not  exhibit  primary  struc- 
tural features.  Metamorphism  has  apparently 
been  limited  to  the  process  of  recrystallization 
without  the  action  of  differential  pressure.  These 
structural  differences  are  used  as  the  basis  for 
the  simplified  classification  of  the  common  meta- 
morphic rocks  listed  in  table  9. 

Gneiss  is  characterized  by  rough,  relatively 
coarse  banding  or  foliation.  The  bands,  often 
of  unlike  minerals,  commonly  appear  as  alter- 
nating light  and  dark  lens-shaped  masses  in  the 
body  of  the  rock.  The  common  minerals  or 
mineral  groups  present  in  gneisses  are  quartz  and 
the  feldspar,  mica,  amphibole,  and  pyroxene 
mineral  groups.     The  specific   name   assigned   is 


Table  9. — Common  metamorphic  rocks 

FOLIATED 


kJtaKis- 


Figure  49.     Foliation    in    metamorphosed    sedimentary    rocks. 
(U.S.  Corps  of  Engineers.) 


Texture 

Rock 

Characteristics 

Coarse-grained 

Gneiss 

Streaked  or  banded;  im- 
perfectly foliated. 

Medium-grained 

Schist 

Well  foliated;  splits  eas- 
ily; generally  rich  in 
mica. 

Fine-grained.   ._ 

Slate 

Splits  readily  into  smooth 
sheets. 

NOXFOLIATED  OR  MASSIVE 


Mineral  content 

Rock 

Characteristics 

Chiefly  quartz 

Quartzite . 

fHard  and  brittle. 
Fairly  soft;  green. 

Chiefly  calcite  (or  dolo- 
mite). 

Chiefly  hydrous  magne- 
sium silicate. 

Marble 

Some  types  of  serpen- 
tine. 

determined  by  the  conspicuous  mineral  in  the 
rock.  For  example,  gneiss  with  a  predominance 
of  the  mineral  hornblende  would  be  called  horn- 
blende gneiss. 

Schist  is  more  homogeneous  in  appearance  and 
composition  than  is  gneiss.  The  foliae  are  much 
thinner,  generally  more  uniform  in  thickness, 
finer  textured,  and  often  folded  or  "crinkled"  to  a 
much  greater  degree  than  the  bands  of  most 
gneisses.  The  minerals  are,  in  general,  the  same 
as  for  gneiss,  except  that  talc,  chlorites,  serpentine, 
and  graphite  may  be  dominant  in  some  schists. 
As  in  gneiss,  the  specific  name  of  a  schist  is  deter- 
mined by  the  predominant  mineral  present. 

Slate  is  very  fine  grained  and  homogeneous. 
Foliation  is  developed  to  a  very  great  degree,  thus 
enabling  the  slate  to  split  into  thin  sheets  with 
relatively  smooth  surfaces.  The  predominant 
minerals  in  slate  are  quartz,  mica,  chlorite,  and 
sometimes  graphite. 

Quartzite  is  a  metamorphic  rock  derived  from 
sandstone  by  the  recrystallization  of  or  cementa- 
tion by  quartz.  Quartzite  formed  by  recrystal- 
lization bears  little  resemblance  to  the  parent 
rock.  That  formed  by  cementation  exhibits  the 
same  physical  appearance  of  the  rock  from  which 
it  was  derived.  Differentiation  between  the 
quartzite  resulting  from  cementation  and  the 
sediment arv    rock    from    which    it    was    derived, 
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therefore,  lies  in  the  degree  of  cementation.  The 
degree  of  cementation  is  reflected  in  the  appear- 
ance of  a  fresh  fracture,  In  quartzite,  the  cement- 
ing materia]  is  as  hard  as  the  Band  grains  and, 
therefore,  the  fracture  surfaces  are  Bmooth  In 
sandstone  the  cementing  material  is  weaker  than 
the  Band  or  sill  particles,  and  therefore,  the  fi 
ture  surfaces  are  rough.  The  rough  Burface  is 
produced  by  the  Band  or  silt  grains  which  Btand 
above  the  fracl  ure  surface  of  the  weaker  cementing 
material. 
Marblt  is  a  massive  metamorphic  rock  and  lias 
nimll\  the  Bame  mineral  content  as  the  lime- 
type  sedimentary  rocks  from  which  it  is  derived. 

94.  Engineering  Properties  of  Rocks.  W  hen  ex- 
posed t<>  the  weather  long  enough,  the  hardest 
ami  most  durable  rock  is  ultimately  broken  down 
by  physical  and  chemical  agents  into  loose,  un- 
consolidated materia]  or  soil  Hence,  the  physical 
properties  of  a  rock  depend  to  a  large  extent  on 
the  degree  of  weathering  For  fresh,  unweathered 
rock,  the  physical  properties  arc  affected  l>y  the 
properties  of  the  constituent  minerals;  the  degree 
to  winch  the  mineral  grains  are  hound  together; 
the  size  ami  arrangement  of  the  grains  which  pro- 
duce such  structures  as  banding  and  foliation;  and 
the  degree  of  fracturing,  jointing,  and  bedding  of 
the  rock  mass.  The  physical  properties  are  the 
hast  variable  in  the  igneous  rock-,  excluding  the 
effects  of  fracturing.  Sedimentary  rocks,  on  the 
other  hand,  arc  so  variable  that  it  is  difficult  to 
characterize  their  physical  properties  which  may 
range  between  wide  limits.  Average  or  typical 
ranges  in  properties  can  be  established  for  sound, 
unweathered  specimens  of  the  common  rock 
types,  but  in  practice  each  deposit  musl  be  evalu- 
ated individually.  Some  of  the  important  rock 
properties  of  engineering  significance  are  weight, 
porosity,  Btrength  and  hardness,  and  durability 
and  toughm 

The    heaviest    rocks    are    the    dark    igneous    and 

metamorphic  rocks,  such  as  basalt,  gabbro,  and 
some   Bchists,    which    have    an    average    specific 

vity   Of  2.9    tO  3.2.      The  other  dense  compact 

rock-,  Buch   as  granite,  -hit",   marble,  and  aome 

limestones,  have  a  specific  gravity  of  about  2.5  to 

Lightest    are    the    sedimentary    rocks    and 


volcanic  ro<  ilk.  tuff,  and  pum 

winch  contain  mam   voids      Pum  neralh 

bo  liL'ht  that  it  floats  m  w ater, 

eneral,  the  strongest  rocks  are  most  d< 
and  the  weakest  rock-  are  most  porous      Porosit) 
of  granite  and  similai  igneous  rocks  and  of  most 
metamorphic  rocks  is  low  i|\    less  than   l 

percent       Basal)  is  similarly  dense,  hut  in  certain 
area- it  ina\  contain  mam  -mall  cavitii 
ami  in  other  area-  it  ma\   be  cxtremeh   vesicular. 
Poio- it \  of  limestone  i  from  0.5  to  I .".  p 

cent,  and  iii  unusual  types,  Buch  a-  coquina,  up 

to  2.")  percent.  The  poio-ii\  of  -and-totie  i- 
typicall}  high,  ranging  from  .">  to  J'<  percent 

Among  the  strongest  and  hardest  rock-  are 
quartzites,  igneous  rocks  like  granite  and  basalt, 
Bound  gneiss,  and  some  schist  Compressive 
strengths  of  15,000  to  30,000  pounds  per  square 
inch  or  more  can  he  obtained,  Some  of  the 
hardest,  densest  sandstones  and  siliceous  lime- 
stones approach  these  strengths.  Most  limestoi 
marbles,  dolomite-,  and  sandstone-,  however,  are 
intermediate  in  Btrength  ami  hardness  with  com- 
pressive strengths  of  about    2,500   to    15,000  or 

20,000  pound-  per  square  inch.  The  weakest  and 
softe-t  rocks  include  tulF.  -hale,  chalk,  -oft  sand- 
Stone,  salts  and  gypsum.  The  softe-t  rock-  arc 
easily  cut  with  hand  tool-.  Most  limestones  and 
marbles  can  ho  sawed.  Sandstones,  igneous  rocks, 
and  the  metamorphic  rocks  composed  of  quartz 
and  other  hard  minerals  cannot  he  sawed  or  cut 
readily. 

The  most  durable  rocks  arc  igneous  rocks  and 
massive  quartzite  and  gneiss,  hut  they  do  not 
resist  lire  which  cause-  cracking  and  spalli 
Of  these  rocks,  the  fine-grained  varieties,  buc! 
basalt,  are  generally  tougher  and  wear  better 
under  abrasion  than  coarse-grained  variet 
Foliated  and  laminated  metamorphic  rocks,  such 
as  Schist  and  shite,  arc  hard  hut  -plit  readily  and 
fall  apart  under  abrasion.  In  general,  limestones 
and  sandstone-  are  moderately  tough  under 
abrasion.  Limestone  and  sandstone  with  lim\ 
cement  arc  corroded  l>\  water  or  atmosphere  con- 
taining acid-  Chalk  and  some  tuff  are  soft  and 
■  ;i-\  to  handle  m  construction  hut  harden  on  ex- 
posure. Shale  is  weak,  tend-  to  -often  when  wet. 
and  disintegrates  rapidly  when  exposed  to  weather. 
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E.    SURFACE  EXPLORATIONS 


95.  General. — A  relationship  between  topo- 
graphic features  or  landforms  and  the  character- 
istics of  the  subsurface  soils  has  been  shown  re- 
peatedly. Thus,  the  ability  to  recognize  terrain 
features  on  maps,  on  airphotos,  and  during  field 
reconnaissance,  combined  with  an  elementary 
understanding  of  geological  processes,  can  be  of 
great  assistance  in  locating  sources  of  construction 
materials  and  in  making  a  general  appraisal  of 
foundation  conditions. 

The  mechanisms  which  develop  soil  deposits  are 
water  action,  ice  action,  and  wind  action  for 
transported  soils;  and  the  mechanical-chemical 
action  of  weathering  for  residual  soils.  For  the 
transported  soils,  each  type  of  action  tends  to 
produce  a  group  of  typical  landforms,  modified  to 
some  extent  by  the  nature  of  the  parent  rock. 
Soils  found  in  similar  locations  within  similar  land- 
forms  usually  have  the  same  physical  properties. 
The  engineer  responsible  for  explorations  for 
foundations  and  construction  materials  for  dams 
should  become  familiar  with  landforms  and  with 
the  soils  associated  with  them.  Such  knowledge 
is  of  great  assistance  during  the  reconnaissance 
stage  of  investigations,  and  it  is  useful  in  control- 
ling the  extent  of  investigation  for  feasibility  and 
specifications  designs. 

96.  Fluvial  Soils. — (a)  Definition. — Soils  whose 
properties  are  affected  predominantly  by  the 
action  of  water  to  which  they  have  been  subjected 
are  designated  fluvial  soils.  Their  common  char- 
acteristic is  roundness  of  individual  grains.  Fre- 
quently, there  is  considerable  sorting  action,  so 
that  a  deposit  is  likely  to  be  stratified  or  lensed. 
Individual  strata  may  be  thin  or  thick,  but  the 
material  in  each  stratum  will  have  a  small  range 
of  grain  sizes.  The  three  principal  types  of  fluvial 
soils,  reflecting  the  water  velocity  of  deposition, 
are  identified  as  torrential  outwash,  valley  fill, 
and  lake  beds. 

(b)  Torrential  Outwash. — The  typical  landforms 
of  this  type  are  alluvial  cones  and  alluvial  fans. 
They  vary  in  size  and  character  from  small, 
steeply  sloping  deposits  of  coarse  rock  fragments 
to  gently  sloping  plains  of  fine-grained  alluvium 
several  square  miles  in  area.  The  deposition  re- 
sults from  the  abrupt  flattening  of  the  stream  gra- 
dient that  occurs  at  the  juncture  of  mountainous 
terrain  and  adjacent  valleys  or  plains.     Figure  50 


is  an  airphoto  and  topographic  map  of  an  alluvial 
fan.  The  coarser  material  is  deposited  first; 
hence,  it  is  found  on  the  steeper  slopes  at  the  head 
of  the  fan,  while  the  finer  material  is  carried  to  the 
outer  edges.  In  arid  climates  where  mechanical 
rather  than  chemical  weathering  predominates, 
the  cones  and  fans  are  composed  largely  of  rock 
fragments,  gravel,  sand,  and  silt.  In  humid  cli- 
mates where  the  landforms  have  less  steep  slopes, 
the  material  is  expected  to  contain  much  more 
sand,  silt,  and  clay. 

Sands  and  gravels  from  these  deposits  are  gen- 
erally subrounded  to  subangular  in  shape,  reflect- 
ing movement  over  relatively  short  distances,  and 
the  deposits  have  only  poorly  developed  stratifica- 
tion. The  torrential  outwash  deposits  are  likely 
sources  of  sand  and  gravel  for  pervious  and  semi- 
pervious  embankment  materials  and  for  concrete 
aggregate.  The  presence  of  boulders  is  likely  to 
limit  their  usefulness  for  some  types  of  fill  ma- 
terials. The  soils  are  typically  skip-graded,  re- 
sulting in  a  GP  or  SP  classification.  Because  this 
type  of  deposit  is  consolidated  only  by  its  own 
weight,  settlement  should  be  anticipated  when  it 
is  used  as  a  foundation  for  a  structure.  Normally, 
torrential  outwash  deposits  do  not  provide  satis- 
factory abutments  for  dams.  If  it  is  necessary  to 
locate  a  dam  in  the  vicinity  of  such  a  deposit,  the 
dam  should  be  placed  along  the  upstream  edge  of 
the  fan. 

(c)  Valley  Fill. — Valley  fill  or  flood-plain  de- 
posits are  generally  finer,  more  stratified,  and 
better  sorted  than  are  torrential  outwash  deposits. 
The  degree  of  variation  from  the  latter  depends 
largely  on  the  volume  and  on  the  gradient  of  the 
stream.  The  surface  of  these  stream  deposits  is 
nearly  flat.  The  nature  of  the  materials  in  the 
deposit  can  be  deduced  by  the  characteristics  of 
the  stream.  Braided  streams  usually  indicate  the 
presence  of  silt,  sand,  and  gravel,  whereas  mean- 
dering streams  in  broad  valleys  are  commonly 
associated  with  fine-grained  soils  (silts  and  clays). 

Flood-plain  deposits  of  sand  and  gravel  are  com- 
mon sources  of  concrete  aggregate  and  pervious 
shell  materials  for  dam  embankments.  The  soils 
in  the  various  strata  of  river  deposits  may  range 
from  pervious  to  impervious;  hence,  the  permea- 
bility of  the  resulting  material  sometimes  can  be 
influenced  appreciably  by  the  choice  of  depth  of 
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Figure  50.      Aerial  view  and  topography  of  an  alluvial  Ian,  a  potential  source  of  sand  and  gravel 
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cut.  Presence  of  a  high  water  table  is  a  major 
difficulty  in  the  use  of  these  deposits,  especially  as 
a  source  of  impervious  material.  Also,  removal  of 
materials  from  the  reservoir  floor  just  upstream 
from  a  damsite  may  be  undesirable  when  a  positive 
foundation  cutoff  is  not  feasible.  When  consider- 
ing borrowing  from  a  river  deposit  downstream 
from  a  dam,  it  should  be  remembered  that  such 
operations  may  change  the  tailwater  character- 
istics of  the  stream  channel  and  that  the  spillway 
and  outlet  works  will  have  to  be  designed  for  the 
modified  channel  conditions.  If  tailwater  condi- 
tions will  be  affected,  borrow  operations  must 
produce  a  predetermined  channel  and  explorations 
for  the  specifications  stage  must  accurately  define 
conditions  within  the  channel. 

Stream  deposits  vary  in  competency  as  founda- 
tions for  dams.  Potential  difficulties  include 
high  water  table,  variation  in  soil  properties, 
seepage,  consolidation,  and  possibly  low  shearing 
strengths.  Although  valley-till  deposits  are  usu- 
ally acceptable  as  foundations  for  low  dams,  their 
depths  and  characteristics  must  be  investigated 
thoroughly  during  the  feasibility  stage.  An  im- 
portant type  of  stream  deposit  is  the  terrace.  It 
represents  an  earlier  stage  of  valley  development 
into  which  the  river  subsequently  has  become 
entrenched.  Remnants  of  such  deposits  are  recog- 
nized by  their  flat  tops  and  steep  faces,  usually 
persistent  over  an  extended  reach  of  the  valley. 
Examination  of  the  eroded  faces  facilitates  classi- 
fication and  description  of  the  deposits,  and  the 
extent  of  the  drainage  network  on  the  face  is  help- 
ful in  determining  relative  permeability.  Free- 
draining  material  has  almost  no  lateral  erosion 
channels,  whereas  impervious  clays  are  finely 
gullied  laterally.  Terrace  sands  and  gravels  were 
laid  down  in  the  geologic  past.  These  terraces 
are  found  along  streams  throughout  the  United 
States  and  are  prevalent  in  the  glaciated  regions  of 
the  northern  sections.  Sands  and  gravels  from 
terrace  deposits  usually  occur  in  layers  and  are 
well  graded.  They  provide  excellent  sources  of 
construction  materials.  Figure  51  is  an  airphoto 
and  topographic  map  showing  river  alluvium  and 
terrace  deposits. 

(d)  Lake  Beds.- — Lake  sediments,  or  lacustrine 
deposits,  are  the  result  of  sedimentation  in  still 
water.  Except  near  the  edges  of  the  deposits 
where  alluvial  influences  are  important,  the  ma- 
terials are  very  likely  to  be  fine-grained  silt  and 


clay.  The  stratification  is  frequently  so  fine  that 
the  materials  appear  to  be  massive  in  structure. 
Lacustrine  deposits  are  recognizable  by  their  flat 
surfaces  surrounded  by  high  ground.  The  ma- 
terials they  contain  are  likely  to  be  impervious, 
compressible,  and  low  in  shearing  strength.  Their 
principal  use  is  for  impervious  cores  of  earthfill 
dams.  Moisture  control  in  these  soils  is  usually  a 
problem,  since  the  water  content  is  very  difficult 
to  change.  Lake  sediments  almost  certainly  will 
provide  very  poor  foundations  for  structures. 
Their  use  as  foundations  for  dams  is  beyond  the 
scope  of  this  text,  and  should  not  be  attempted 
without  special  field  and  laboratory  testing  and 
the  advice  of  a  specialist. 

97.  Glacial  Deposits. — (a)  Definition. — The  re- 
sults of  the  advances  and  retreats  of  the  great 
North  American  continental  ice  sheets  during 
glacial  times  are  represented  by  recognizable  land- 
forms  which  are  important  sources  of  construction 
materials  and  which  may  be  encountered  in  the 
foundations  of  dams.  Smaller  scale  evidences  of 
ice  action  are  found  in  high  mountain  valleys  of 
the  Rocky  Mountains  and  the  Sierra  Nevadas;  in 
some  instances  the  glaciers  still  exist.  Glacial 
deposits  (glacial  drift)  are  generally  heterogeneous 
and  erratic  in  nature;  hence,  they  are  difficult  to 
explore  economically.  They  contain  a  wide  range 
of  particle  sizes,  from  clay  or  silt  up  to  huge 
boulders;  and  the  particle  shapes  of  the  coarse 
grains  are  typically  subrounded  or  subangular, 
sometimes  with  flat  faces.  Deposits  of  the  glacier 
proper  can  be  distinguished  from  deposits  formed 
by  the  glacier  melt  water. 

•(b)  Morainal  Deposits. — Glacial  till  is  that  part 
of  the  glacial  drift  deposited  directly  from  the 
ice  with  little  or  no  transportation  by  water.  It 
consists  of  a  heterogeneous  mixture  of  boulders, 
cobbles,  gravel,  and  sand  in  an  impervious  matrix 
of  generally  nonplastic  fines.  Gradation,  type 
of  rock  minerals,  and  degree  of  weathering  found 
in  till  vary  considerably,  depending  on  the  type 
of  rocks  in  the  path  of  the  ice  and  the  degree  of 
leaching  and  chemical  weathering.  Glacial  tills 
usually  produce  impervious  materials  with  satis- 
factory shearing  strength,  but  removal  of  boulders 
will  be  necessary  in  order  for  the  soil  to  be  com- 
pacted satisfactorily.  Fairly  high  inplace  density 
caused  by  the  weight  of  the  ice  makes  morainal 
deposits  satisfactory  for  foundation  of  low  dams. 
Typical  land  forms  containing  till  are  the  ground 
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Figure  51.      Aerial  view  and  topography  or  stream  deposit  showing  river  alluvium  and  three  levels  ol  gravel  terraces 

(Photo  by  Geological  Survey.) 
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moraine  or  till  plain  which  has  a  flat  to  slightly 
undulating  surface;  the  end  (or  terminal)  moraine, 
a  ridge  at  right  angles  to  the  direction  of  ice  move- 
ment, which  often  curves  so  that  its  center  is 
farther  downstream  than  its  ends;  and  lateral  or 
medial-moraines  which  occur  as  ridges  parallel  to 
the  direction  of  ice  movement.  Low,  cigar- 
shaped  hills  occurring  on  a  ground  moraine,  with 
their  long  axis  parallel  to  the  direction  of  ice 
movement  are  called  drumlins.  The}'  commonly 
contain  unstratified  fine-grained  soils.  Figure  52 
shows  a  typical  terminal  moraine  in  an  airphoto 
and  topographic  map. 

(c)  Glacial  Outwash. — Deposits  from  the  glacial 
melt  water  are  of  several  types.  Glacial  outwash 
plains  of  continental  glaciation  and  their  alpine 
glaciation  counterparts,  the  valley  trains,  com- 
monly contain  poorly  stratified  silt,  sand,  and 
gravel  similar  to  the  alluvial  fans  of  torrential 
outwash  which  they  resemble  in  mode  of  formation. 
Eskers  are  prominent  winding  ridges  of  sand  and 
gravel  which  are  the  remnants  of  the  beds  of 
glacial  streams  that  flowed  under  the  ice.  They 
generally  parallel  the  direction  of  ice  movement, 
have  an  irregular  crestline,  are  characterized  by 
steep  flanks  (about  30°),  and  are  20  to  100  feet 
high.  Eskers  usually  contain  clean  sand  and 
gravel  with  some  boulders  and  silty  strata  which 
are  in  irregular,  poor  to  fair  stratification.  They 
are  excellent  sources  of  pervious  materials  and 
concrete  aggregate.  Karnes  are  low,  dome-shaped 
partially  stratified  deposits  of  silt,  sand,  and 
gravel  formed  by  hidden  glacial  streams.  They 
are  round  to  elliptical  in  plan  with  the  long  axis 
generally  at  right  angles  to  the  direction  of  ice 
movement.  Their  slopes,  contents,  and  uses  are 
similar  to  eskers.  Glacial  lake  deposits  formed 
in  temporary  lakes  during  the  ice  age  are  generally 
similar  in  character  and  in  engineering  uses  to 
fluvial  lacustrine  deposits.  However,  they  are 
normally  more  coarsely  stratified  (varved)  than 
are  the  recent  lake  deposits,  and  they  may  contain 
fine  sand. 

98.  Aeolian  Deposits. — Soils  deposited  by  the 
wind  are  known  as  Aeolian  deposits.  The  two 
principal  classes  that  are  readily  identifiable  are 
dune  sands  and  loess.  Dune  sand  deposits  are 
recognizable  as  low  elongated  or  crescent-shaped 
hills,  with  a  flat  slope  windward  and  a  steep  slope 
leeward  of  the  prevailing  winds.  Usually,  these 
deposits  have  very  little  vegetative  cover.     The 


material  is  very  rich  in  quartz  and  its  character- 
istics are  limited  range  of  grain  size,  usually  in  the 
fine  or  medium  range  sand;  no  cohesive  strength; 
moderately  high  permeability;  and  moderate  com- 
pressibility. They  generally  fall  in  the  SP  group 
of  the  Unified  Soil  Classification  System. 

Loessial  deposits  of  windblown  dust  cover  ex- 
tensive areas  in  the  plains  regions  of  the  temperate 
zone.  They  have  a  remarkable  ability  for  standing 
in  vertical  walls.  Figure  53  shows  typical  loess- 
ial topograph}'  by  map  and  airphoto.  Loess  con- 
sists mainly  of  angular  particles  of  silt  or  fine  sand, 
with  a  small  amount  of  clay  that  binds  the  soil 
grains  together.  In  its  natural  state  true  loess  has 
a  characteristic  structure  formed  by  remnants  of 
small  vertical  root  holes  that  makes  it  moderately 
pervious  in  the  vertical  direction.  Although  of 
low  density,  the  naturally  dry  loessial  soils  have  a 
fairly  high  strength  because  of  the  clay  binder. 
This,  however,  may  be  lost  readily  upon  wetting, 
and  the  structure  may  collapse.  When  remolded, 
loessial  soils  are  impervious,  moderately  compress- 
ible, and  of  low  cohesive  strength.  They  usually 
fall  in  the  ML  group  or  the  boundary  ML-CL 
group  of  the  Unified  Soil  Classification  System. 
Figure  54  shows  a  90-foot  almost  vertical  cut  in 
loess. 

Aeolian  deposits  are  normally  regarded  with 
suspicion,  especially  as  foundations  for  dams. 
Such  deposits  should  be  avoided  if  it  is  practicable 
to  do  so;  however,  they  can  be  used  when  properly 
explored  and  evaluated.  Information  on  the  in- 
place  density  of  aeolian  soils  is  of  vital  importance 
in  planning  their  usefulness  for  foundations  of 
structures. 

99.  Residual  Soils. — As  weathering  action  on  rock 
progresses,  the  rock  fragments  are  gradually  re- 
duced in  size  until  the  total  material  assumes  all 
the  characteristics  of  soil.  It  is  impracticable  to 
define  clearly  the  dividing  line  between  rock  and 
residual  soil,  but  for  engineering  purposes  it  may 
be  considered  soil  if  the  material  can  be  removed 
by  commonly  accepted  excavating  methods. 

A  distinguishing  feature  of  many  residual  soils 
is  that  the  individual  grains  are  angular  but  soft. 
Handling  of  the  material  during  construction  re- 
duces appreciably  the  grain  size,  which  makes  it 
difficult  to  predict  its  performance  by  laboratory 
tests.  Appreciable  settlement  and  change  of  ma- 
terial characteristics  after  utilization  also  are  detri- 
mental factors.     As  a  consequence,  such  residual 
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Figure  52.       Aerial  view  and  topography  of  lerminol  moraine  or  continenlal  glacialion       (Photo  by  US    Commodity 

Stabilization  Service.) 
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Figure  53.      Aerial  view  and  topography  of  loess  identified  by  smooth  silt  ridges,  usually  parallel,  right-angle  drainage  patterns,- 
and  steep-sided,  flat-bottomed  gullies  and  streams.      (Photo  by  U.S.  Commodity  Stabilization  Service.) 
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Figure  54.      A  90-fool  nearly  vertical  cut  in  loess  formation — Nebraska. 


Boils  are  besl  avoided  if  other  types  ran  be  readily 
Becured. 

It  is  difficult  to  recognize  and  appraise  residual 
Boils  on  the  I>:im-  of  topographic  forms.  Their 
occurrence  ia  quite  general  wherever  none  of  the 
Other  types  of  deposits,  with  their  characteristic 
shapes,  are  recognizable  and  where  the  material  is 
not  cleurh  rock  in  place.  Talus  (fig.  25)  and  land- 
slides are  eaailj  recognizable  forms  of  residual  ma- 
terials moved  by  gravity  ,     Also,  erosional  feat  ures 


may  he  helpful  in  evaluating  a  residual  deposit. 
Since  the  type  of  parent  rock  has  a  very  pro- 
nounced influence  on  the  character  of  the  residual 
soil,  the  rock  type  should  always  he  determined  in 
assembling  data  for  the  appraisal  of  a  residual 
deposit.  The  soils  usually  provide  satisfactory 
foundations  for  small  structures  if  the  parent  rock 
itself  is  satisfactory.  The  degree  to  which  altera- 
tion has  progressed  largeh  governs  the  strength 
characteristics. 


F.     SUBSURFACE  EXPLORATORY  METHODS 


100.     Test  Pits,    Trenches,  and   Tunnels.        a      <iin- 

tnil.     Open  tesl  pit--,  trenches,  and  drifts  afford 

the  most  complete  information  of  the  ground  pene- 
trated and  also  may  permit  examination  of  the 
surface  of  foundation   bedrock.      When  the  depth 


of  overburden  and  ground-water  conditions  permit 

their  economical  use,  these  methods  tire  recom- 
mended for  foundation  exploration  in  lieu  of  rely- 
ing solely  on  homiL'-.  In  prospecting  for  embank- 
ment  materials  or  concrete  iu:LrrrLrate  containing 
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cobbles  and  boulders,  open  pits  and  trendies  may 
be  tbe  only  feasible  means  of  obtaining  the  re- 
quired information. 

(b)  Test  Pit*. — Test  pitting  is  an  effective 
means  of  exploring  and  sampling  earth  founda- 
tions and  construction  materials.  Their  use 
facilitates  inspection,  sampling,  and  making  den- 
sity tests.  The  depth  of  a  test  pit  is  determined 
by  investigational  requirements  but  is  usually 
limited  to  a  few  feet  below  water  table.  The 
minimum  recommended  cross  section  for  a  hand- 
dug  pit  is  3  by  5  feet.  Dragline,  backhoe,  clam- 
shell, and  bulldozer  pits  are  usually  more  economi- 
cal than  hand-dug  pits  for  comparatively  shallow 
materials  explorations,  but  are  not  practicable 
where  a  depth  of  more  than  about  15  feet  is 
desired.  Where  the  soil  is  hard,  pneumatic 
paving  breakers  or  spades  operated  by  small 
trailer-mounted  air  compressors  will  facilitate 
progress  in  hand-dug  pits.  The  use  of  explosives 
to  break  up  large  boulders  is  a  common  practice. 
In  hand-dug  pits  the  materials  are  removed  from 
the  hole  by  buckets  operated  from  a  hoist  or  wind- 
lass which  should  be  equipped  with  a  ratchet 
device  for  safety.  During  excavation,  the  bottom 
of  the  hole  should  be  kept  fairly  level  and  of  full 
size  so  that  each  lift  may  represent  the  correspond- 
ing portion  of  the  deposit  in  quantity  and  quality. 
At  the  surface  the  excavated  material  should  be 
placed  in  an  orderly  manner  around  the  pit,  and 
marked  stakes  should  be  driven  to  indicate  depth 
of  pit  from  which  the  material  came  in  order  to 
facilitate  logging  and  sampling.  All  hand-dug 
pits  should  be  cribbed.  A  convenient  method  of 
cribbing,  with  3-  by  6-inch  lumber,  is  shown  in 
figure  55.  In  loose  materials  it  is  advisable  to 
keep  the  space  beteeen  the  pit  walls  and  the 
cribbing  at  a  minimum,  also  to  pack  the  space 
with  hay  or  excelsior  and  to  keep  the  bottom  of 
the  cribbing  close  to  the  bottom  of  the  pit. 

Deep  test  pits  should  be  ventilated  to  prevent 
accumulation  of  dead  air.  For  this  purpose  con- 
nected lengths  of  stovepipe,  starting  slightly 
above  the  floor  and  extending  about  3  feet  above 
the  mouth  of  the  pit,  have  been  found  satisfactory. 
Test  pits  left  open  for  inspection  should  be  pro- 
vided with  covers  or  barricades  for  safety. 

When  water  is  encountered  in  the  pit,  a  pump- 
ing system  is  required  for  further  progress. 
Small,  portable,  gas-powered,  self-priming,  cen- 
trifugal pumps  can  be  used.     It  is  desirable  that 


---3— 3'8  5'  Lengths        >-j  3"j<- 
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io    f  3x6     Rough    fir 


DETAIL  OF   CRIBBING 


2"x4"  Each  corner, 
length  optional 


'.'  Excelsior' 


Space  between  cribbing  and 
test  pit  walls  to  be  backfilled 
with  excelsior  when  exploring 
loose  ground 


Figure  55.     Test  pit  cribbing. 

the  suction  hose  be  one-half  inch  larger  in  diam- 
eter than  the  discharge  opening  of  the  pump  and 
not  more  than  15  feet  long.  This  requires  re- 
setting the  pump  in  the  pit  (on  a  frame  attached 
to  the  cribbing)  at  intervals  of  about  12  feet. 
When  the  gas  engine  is  in  the  pit,  it  is  necessary 
to  pipe  the  exhaust  well  away  from  the  pit.  Un- 
watering  test  pits  is  usually  expensive  and  often 
is  unwarranted.  Figures  56  and  57  show  different 
types  of  test  pits. 

(c)  Trenches. — Test  trenches  are  used  to  provide 
a  continuous  exposure  of  the  ground  along  a  given 
line  or  section.  In  general,  they  serve  the  same 
purpose  as  the  open  test  pits  but  have  the  added 
advantage  of  disclosing  the  continuity  or  charac- 
ter of  particular  strata.  They  are  best  suited  for 
shallow  exploration  (10  to  15  feet)  on  moderately 
steep  slopes,  but  they  have  been  used  advan- 
tageously on  fairly  flat  ground. 

The  fieldwork  consists  of  excavating  an  open 
trench  from  the  top  to  the  bottom  of  the  slope 
to  reach  representative  undisturbed  material. 
Either  a  single  slot  trench  down  the  face  of  the 
slope  or  a  series  of  short  trenches  spaced  at  appro- 
priate intervals  along  the  slope  can  be  excavated. 
Depending  on  the  extent  of  the  investigation  re- 
quired, either  pick  and  shovel  methods,  or  bull- 
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Figure  56.      Excovotion  of  hand-dug  test  pit  in  borrow  area.      SB-69-R2. 
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Figure  57.  Equipment-excavated  test  pit  showing  elevation  of 
ground,  water  surface,  bedrock,  and  location  of  samples. 
LM-166. 

dozers,  ditching  machines,  or  draglines  can  be 
used.  A  trenching  layout  suitable  for  materials 
investigations  is  shown  in  figure  58.  Figures  59 
and    60   are   photographs   of  bulldozer   trenches. 


Safety  precautions  should  be  used  in  deep  trenches 
to  prevent  accidents  caused  by  caving  ground. 

The  profile  exposed  by  these  trenches  may  repre- 
sent the  entire  depth  of  significant  strata  in  an 
abutment  of  a  dam;  however,  their  shallow  depth 
may  limit  exploration  to  the  upper  weathered 
zone  of  foundations.  Trenching  permits  visual 
inspection  of  the  soil  strata  which  facilitates 
logging  of  the  profile  and  selection  of  samples. 
It  also  aids  in  obtaining  large  undisturbed  samples 
or  large  disturbed  individual  or  composite  sam- 
ples. Trenches  in  sloping  ground  have  the  ad- 
vantage of  being  self-draining. 

(d)  Tunnels. — Tunnels  or  drifts  have  been  used 
to  explore  areas  beneath  steep  slopes  or  back  of 
clifHike  faces.  For  such  purposes  the  exploratory 
tunnel  or  drift  is  usually  roughly  rectangular  in 
shape  and  approximately  5  feet  wide  and  7  feet 
high.  The  placing  of  lagging,  when  required  for 
side  and  roof  supports,  should  follow  excavation 
as  closely  as  practicable.  Excavation  of  explor- 
atory tunnels  ma}'  be  a  slow,  expensive  process; 
consequently,  this  type  of  investigation  should  be 
utilized  only  when  no  other  method  will  supply 
the  required  information.  Logging  and  sampling 
of  exploratory  tunnels  should  proceed  concurrently 
with  excavation  operations  if  possible. 

101.  Auger  Borings. — Auger  borings  often  pro- 
vide the  simplest  method  of  soil  investigation  and 
sampling.  They  may  be  used  for  any  purpose 
where  disturbed  samples  are  satisfactory  and  are 
valuable  in  advancing  holes  to  depths  at  which 
undisturbed  sampling  by  thin-walled  tubes  is  re- 
quired. Depths  of  auger  investigations  are,  how- 
ever, limited  by  the  ground-water  table  and  by 
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Figure  58.     Trenching,    a    low-cost    method    of    obtaining    soil   samples. 
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Figure  59.      Troclor    with    bulldozer    excavating    a    test    trench. 
SB-61-R2 

the  amount  and  maximum  size  of  gravel,  cobbles, 
and  boulders  as  compared  with  the  size  of  equip 
mt'tii  used.  Band-operated  post-hole  augers  4  to 
12  inches  in  diameter  can  be  used  for  exploration 
up  to  about  2()  feel  deep  titrs.  til  and  62).  How- 
ever, with  the  aid  of  a  tripod,  holes  up  to  80  feet 
deep  have  been  excavated  successfully  and  eco- 
nomically (fig.  63).  Machine-driven  augers  are 
of  three  type-    Helical  augers  :>>  to  16  inches  in 


Figure  61.      Exploring  a  borrow  area  with  a  hand  auger. 


Figure  60.      Bulldozer-excavated  trench  in  iteep  abutment  area. 


Figure  62.      Types   of   hand   augers  (2-inch    helical;   2-   and   6- 
inch  Iwon,-  and  6-inch  Fenn  (adjustable)). 

diameter;  disk  augers  up  to  42  inches  in  diameter; 
and  bucket  angers  up  to  4s  inches  in  diameter. 
Figure  64  -hows  helical  augers,  including  a  helical 
pipe  casing  (shown  in  the  machine'  which  i-  closed 

on  the  bottom  during  placement  but  is  opened  by 
means  of  a  smaller  inserted  pipe  to  permit  sampling 
or  testing  of  lower  -trata   through   it.      Figur< 
shows  a  disk  auger,  and  figure  66  shows  a  bucket 
auger. 
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Figure  63.  Exploration  of  borrow  area  with  project-designed 
demountable  tripod  used  to  facilitate  hand  augering  of  4- 
inch  holes  to  a  depth  of  55  feet.  The  guide  ring  is  set  at  30 
feet.     404-1 006B. 

An  auger  boring  is  made  by  turning  the  auger 
the  desired  distance  into  the  soil,  withdrawing  it, 
and  removing  the  soil  for  examination  and  sam- 
pling. The  auger  is  inserted  into  the  hole  again, 
and  the  process  is  repeated.  Pipe  casing  is  re- 
quired in  unstable  soil  in  which  the  borehole  fails 
to  stay  open,  and  especially  where  the  boring  is 
extended  below  the  ground-water  level.  The  in- 
side diameter  of  the  casing  must  be  slightly  larger 
than  the  diameter  of  the  auger  used.  Unless  the 
helical  casing  shown  in  figure  64  is  used,  the  casing 
is  driven  to  a  depth  not  greater  than  the  top  of 
the  next  sample  and  is  cleaned  out  by  means  of 
the  auger.  The  auger  can  then  be  inserted  into 
the  borehole  and  turned  below  the  bottom  of  the 
casing  to  obtain  the  sample. 

The  soil  auger  can  be  used  both  for  boring  the 
hole  and  for  bringing  up  disturbed  samples  of  the 
soil  encountered.  It  operates  best  in  somewhat 
loose,  moderately  cohesive,  moist  soil.  Holes  are 
usually  bored  without  the  addition  of  water;  but 


Figure  64.     Drilling  machine,  with  helical  augers  in  foreground 
and  helical  casing  in  the  machine. 


Figure  65.     Disk  auger  used  to  explore  borrow  areas  of  fine- 
grained soils. 
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Figure  66.      Bucket  auger  used  in  exploration  of  a  borrow  area 
containing  gravel  particles. 

in  hard.  <lr\  soils  or  in  cohesionless  sands  the 
introduction  of  a  small  amount  of  water  into  the 
hole  will  aid  the  drilling  and  sample  extraction. 
Koik  fragments  larger  than  about  one-tenth  of 
the  diameter  of  the  hole  cannot  be  successfully 
removed  by  normal  augering  methods.  Large- 
Bized  boles  permit  examination  of  the  soils  in  place, 
and  therefore,  are  preferred  for  foundation  investi- 
gat  ions. 

102.  Rotary  Drilling.  One  of  the  most  important 
tools  for  subsurface  exploration  of  dams  is  the 
diamond  drill:  A  rotary  drill  with  a  core  barrel,  a 
diamond  bit .  and  a  hydraulic  or  mivu  feed.  <  'ore 
Bizes  are  designated  as  NX.  BX,  AX.  and  EX, 
which  produce  cores  _>!..  i  and  \  inches  in 

diameter,  respectively.  The  diamond  drill  may 
actually  be  operated  \\  it  h  a  variety  of  bits,  depend- 
ing on  the  hardness  of  the  material  penetrated. 
Rotary  drill  equipment  is  manufactured  in  a  wide 
variety  of  forms,  which  vary  from  highly  flexible 
t<>  extremely  specialized  equipment,  from  light- 
weight   and   highly   mobile  equipment    to  heav} 


stationary  plants,  and  in  size  of  hole  and  core 

ran<re   from   less   than    l    inch    to   A    feci    or   more. 

They  are  capable  of  drilling  to  depths  far  below 

those  required  for  -mall  dams 

■ntial  accessories  for  a  drill  rig  an'  ji  cathead 
winch  and  derrick  for  driving  casing  and  for  hoist- 
ing and  lowering  the  diill  rods;  a  pump  for  circu- 
lating water  to  the  hit  and  for  flushing  ami  water 
testing  the  hole;  n  water  meter;  ami  the  nov-an 

driving  weights,  bits,  drill  rods,  and  core  barrels 

Cased     hole-    are     usually     required    except     when 

drilling  through  Bolid  rock  or  snir,  cohesive  soils 
A  short  collar  pipe  about  "»  feet  long  is  commonly 

USed   at    the    top  ot    the   hole.       The    Use  of   drilling 

mud,  including  hole  stabilizer  compounds,  some- 
times avoids  the  need  of  casing  in  overhurden  soil. 

hut    the  foundation  cannot   he  effectively  water 

tested     when     mud     is    Used 

At  least  two  cast-iron  weights  should  he  avail- 
able, a  140-pound  weight  for  standard  penetration 
lest-,  and  a  250-  to  LOO-pound  weight  for  driving 
and  removing  casing  pipe.  The  weights  are  raised 
by  pulling  tight  on  an  attached  rope  threaded 
through  a  sheave  at  the  top  of  the  derrick  and 
wound  three  or  four  times  on  the  revolving  cat- 
head winch.  Sudden  loosening  of  the  rope  per- 
mits the  weight  to  drop  on  the  driving  head 
attached  to  the  casing.  Various  types  of  chopping 
bits  are  used  to  facilitate  the  driving  of  casing 
through  soils  containing  cobbles  and  boulders. 
Large  boulders  must  he  either  blasted  with  explo- 
sives or  drilled  with  a  plugged  diamond  bit.  The 
casing  is  raised  several  let  prior  to  blasting. 
Figure  (>7  shows  a  diamond  drill  rig  with  derrick. 

The  accuracy  and  dependability  of  the  records 
furnished  by  diamond  drilling  depend  largely  on 
the  size  of  the  core  in  relation  to  the  kind  of  ma- 
terial drilled,  the  percentage  of  Core  recovery,  the 

behavior  during  drilling,  and  the  experience  of  the 

drill  crew.  Since  a  rock  that  will  core  well  in  an 
NX  hole  may  break  up  badly  in  an  EX  hole,  it  is 
important      to     Use     the     largest      practicable     si/.e 

diameter  core.  Recovery  of  core  is  much  more 
important  than  making  rapid  progress  in  drilling 

the  hole.  Portions  of  a  core  that  are  lost  will 
probahh  represent  shattered  or  soft,  incompetent 
rock,  whereas  the  recovered  portions  represent  the 
best  rock,  from  which  an  overoptimistic  evaluation 
of  the  foundation  likely  will  be  made.  A  rea- 
sonably large  percentage  of  core  recovery,  on  the 
other  hand,  will  provide  a  more  or  less  continuous 
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Figure  67.     Diamond-drill  rig  used  in  exploration  of  a  foundation  for  a  dam. 


section  of  the  materials  passed  through.  The 
cores  provide  information  on  the  character  and 
composition  of  the  different  formations,  with 
evidence  of  the  spacing  and  tightness  of  joints, 
seams,  fissures,  and  other  structural  details. 
When  drilling  in  soft  materials,  the  water  circu- 
lation must  be  reduced  or  stopped  entirely,  and 
the  core  recovered  "dry,"  even  though  a  marked 
delay  in  operations  may  result. 

Core  barrels  are  described  in  section  107.  The 
barrel  is  fitted  with  a  drill  bit  and  is  lowered  into 
the  hole  by  the  hollow  drill  rod.  Circulation  of 
the  wash  water  should  be  started  before  the  core 
barrel  reaches  the  bottom  of  the  hole  to  prevent 
cuttings  or  sludge  from  entering  the  core  barrel  at 
the  start  of  coring.  The  optimum  rotation  speed 
of  drilling  varies  with  the  type  of  bit  used,  the  di- 
ameter of  core  barrel,  and  the  kind  of  rock  to  be 
cored.  Excessive  rotation  speed  will  result  in 
chattering  and  rapid  wear  of  the  bit  and  will  break 
the  core.  Low  speed  results  in  less  wear  and  tear 
on  the  bit  and  better  cores  but  lower  rates  of 
progress.     Approximate  ranges  of  rotation  speeds 


used  in  medium-hard  rock  are  300  to  1 ,500  revolu- 
tions per  minute  for  diamond  bits  and  100  to  500 
revolutions  per  minute  for  metal  bits. 

The  rate  at  which  the  coring  bit  is  advanced 
depends  on  the  amount  of  pressure  applied  down- 
ward on  the  bit  as  well  as  on  its  speed  of  rotation. 
This  pressure  must  be  carefully  adjusted  by  the 
driller;  excessive  pressures  will  cause  the  bit  to 
plug  and  may  shear  the  core  from  its  base.  The 
bit  pressure  is  controlled  by  a  hydraulic  or  a  screw 
feed  on  the  drilling  machine.  The  weight  of  the 
column  of  drill  rod  will  seldom  be  in  excess  of  the 
optimum  bit  pressure  for  the  coring  of  medium  and 
hard  rock,  and  it  is  frequently  necessary  to  supply 
additional  downward  pressure. 

Since  the  hole  left  in  the  rock  is  clean  and  the 
seams  and  fissures  are  not  sealed  off  by  the  action 
of  the  drill,  opportunity  is  afforded  for  making 
percolation  tests  to  indicate  the  permeability  of 
the  strata  and  to  determine  probable  leakage 
through  open  joints  or  fissures  in  the  rock.  Grav- 
ity or  pressure  tests  are  made  as  described  in  sec- 
tion 113.     Large  water  losses  or  inflows  into  the 
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holes  during  drilling  are  recorded  as  indicating, 
respectively,  the  presence  of  large  openings  in  the 
formation  or  the  existence  «>f  mi  underground  flow. 
Completed  holes  Bhould  be  capped  to  preserve 
them  for  use  in  ground-water  level  observations  or 
aa  groul  holes,  or  for  reentry  if  it  is  later  found 
desirable  to  deepen  the  hole,  ( 'asing  is,  of  course, 
required  for  those  sections  of  the  hole  in  loose  ma- 
terial or  unconsolidated  ground. 

Although  the  rotary  drill  is  designed  primarily 
for  penetrating  rock  rather  than  soil,  Bample  bar- 
rels mid  cutting  bits  have  been  developed  which 
are  satisfactory  in  many  kinds  of  soil  deposits 
Double-tube  core-barrel  samplers  <>f  the  Denison 
type  are  capable  of  obtaining  undisl  urbed  sum  pics 
of  sands,  silts,  and  clays  for  laboratory  testing  [6]. 
However,  for  foundations  of  Bmall  dams  within  the 
scope  of  this  text,  borings  for  the  standard  penet  ra- 
tion tests  described  in  the  nexl  Bection  should 
preclude  the  need  for  Denison-tj  pe  samples 

103.    Standard  Penetration  Borings.      This       is      a 

procedure  for  making  soil  borings  with  a  split- 
barre]  sampler  in  order  to  obtain  representative, 
moderately  disturbed  samples  of  soil  for  identifica- 
tion purposes  and  to  obtain  a  record  of  the  resist- 
ance of  i he  soil  to  penetration  of  the  Bampler.  The 
equipment  used  should  provide  a  reasonably  clean 
hole  al  least  _M4  inches  in  diameter  before  insertion 


of  the  sampler  To  assure  that  the  material  to  be 
tested  is  undisturbed,  use  of  bottom-discharge  fish- 
tail bits  or  jetting  through  an  open  pipe  to  clean 
out  the  hole  should  not  he  permitted  Side-dis- 
charge  fishtail  lut>.  however,  are  satisfactory 
Either  a  rotary  drill  or  an  earth  auger  can  be  used 
to  advance  and  clean  the  hole     Casing  is  used 

when  drilling  in  Band,  Soft  clay,  <>r  other  material 
that    will  not   allow    the  hole  to  -tu\    Open. 

The  dimensions  <>f  the  Bampler  are  Bhown  in  fig- 
ure 68,  and  figure  69  Bhows  the  sampler  disae 

Bembled.        The    driving   shoe    is    of    hardened    steel 

which  must  he  replaced  or  repaired  when  it  be- 
comes dented  or  distorted.  Split-barrel  -ampler- 
other  than  2  inches  in  outside  diameter  can  be 
used;  however,  all  penetration  record-  made  with 
those  sampler-  should  he  conspicuously  marked  a- 
to   the  si/.e  of  sampler   used.      The  significance  of 

the  penetration  records  is  discussed  in  Bection  129. 
A  drive  weight  assembly  consisting  of  a  140-pound 

weight,  with  a  ^0-inch  free  fall,  is  used.      A  heavier 

hammer  is  permitted  for  driving  casing. 

Penetration  tests  should  he  made  continuously 
in  exploring  foundations  for  dams,  except  where 
the  resistance  of  the  soil  is  too  great.  Any  loss  of 
circulation  in  drilling  fluid  during  advancing  of 
holes  should  he  noted  and  recorded  on  the  I 
When    casing   is   used,    it    should    not    proceed    in 


■-Hordened  tool  steel  shoe 
.--Wrench  grip 


•8-Threods  per  inch       Drill  ond  threod-- 
-C  D  Steel  tubing  (See  Detoil)  for  Stondord 

split  longitudinally         -  „  5t  Type  "B"  drill  rod 


/) 

1 

i     y 


Figurt  63.      Standard  tplit-barrcl  sampler. 
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Figure  69.     Split-barrel  sampler  disassembled. 


advance  of  the  sampling  operation.  With  the 
split-barrel  sampler  resting  on  the  bottom  of  the 
hole  and  the  water  level  in  the  boring  at  the 
ground-water  level  or  above,  the  sampler  is  driven 
through  undisturbed  soil  for  about  6  inches;  then 
the  test  is  begun  by  driving  the  sampler  12  inches, 
or  to  refusal,  by  dropping  the  140-pound  hammer 
30  inches.  (See  figs.  70  and  71.)  The  number 
of  blows  required  to  effect  the  12  inches  of  the 
penetration  test  are  recorded.  If  50  blows  result 
in  less  than  1-foot  penetration,  the  test  is  stopped 
and  the  data  recorded.  The  sampler  is  then 
raised  to  the  surface  and  opened. 

Prior  to  reinsertion  of  the  sampler,  the  hole 
should  be  cleaned  out  by  an  auger  or  by  a  rotary 
drill  down  to  the  level  of  the  bottom  of  the  previous 
test.  The  test  is  then  repeated.  In  this  manner 
an  almost  continuous  record  of  the  material 
encountered  is  obtained  by  sampling  from  the 
split  barrel,  and  penetration  resistance  values  are 
available  for  alternate  1-foot  increments  of  depth 
of  hole.     Information  on  sampling  and  logging  of 


standard  penetration  holes  is  given  in  parts  G  and 
H  of  this  chapter,  respectively. 

104.  Geophysical  Methods. — Seismic  surveys 
have  been  used  successfully  to  determine  approxi- 
mate depths  to  bedrock  in  order  to  select  the  best 
of  several  damsites  in  advance  of  drilling  and  to 
locate  buried  channels.  Electric  resistivity  sur- 
veys have  been  used  to  determine  approximate 
depths  of  weathering  of  bedrock  and  to  find  the 
extent  of  buried  gravel  deposits. 

Both  methods  require  special  equipment  and 
experienced  operators,  and  the  data  obtained  must 
be  analyzed  and  interpreted  by  trained  specialists 
with  appropriate  reference  to  the  geologic  char- 
acter of  the  area.  Moreover,  geophysical  methods 
require  correlation  with  borings  to  aid  in  the  inter- 
pretation of  the  data  they  obtain,  and  their  use 
is  warranted  only  where  they  can  substantially 
reduce  the  number  of  borings.  Since  only  a  rela- 
tively small  number  of  borings  ordinarily  is  required 
for  small  dams,  geophysical  methods  of  exploration 
are  usually  not  appropriate  for  these  projects. 
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105.    General.      The   purpo-e-   and    U8M  of  -am- 

|)lcs  are  numerous  They  are  required  to  identify 
and   classify    soil   or   rock    properlj      They    are 

lential  f< >r  field  density  and  moisture  determina- 
tion- and  for  laboratory  teats  on  earth  materials, 
concrete  aggregate,  and  riprap.  To  a  large 
degree,  samples  determine  the  results  of  explo- 
rations  for  foundations  and  construction  materials 
for  dams  Obviously,  erroneous  conclusions  will 
be  drawn  if  the  samples  arc  not  trulj  representa- 
tive <>f  the  explorations 

Samples  are  broadly  classified  as  disturbed  and 
relatively  undisturbed.  Disturbed  samples  are 
those  in  which  no  effort  is  made  to  maintain  the 
soil  structure.  Such  samples  may  be  secured  for 
genera]  observation  and  inspection,  soil  classifica- 
tion, moisture  determination,  or  to  obtain  com- 
paction characteristics.  Relatively  undisturbed 
samples  varj  from  moderate!}  disturbed  split- 
barrel  samples  to  almost  completely  undisturbed 
hand-cut  samples.     The  importance  »>f  obtaining 


Figure  70.      Making   a    standard   penetration    tejf   by    use   of   a 
drill  rig. 


representative  samples  cannot  be  overemphasised 
This  requires  considerable  care  because  of  the 
variations  in  natural  deposits  ol  earth  materials 
Representative  samples  are  comparatively  easj 
to  Becure  in  trenches,  tesl  pita,  and  cul  banks, 
because  the  various  undisturbed  Btrata  can  be 
inspected  visually  Boreholes,  however,  do  not 
permit  a  visual  inspection  of  the  profile,  and  it  is 
more  difficult  to  Becure  representative  -ample-  by 
►f  boreholes. 
Sample-  may  be  either  individual  or  composite. 
An  individual  sample  is  a  BUlgle  -ample  repre- 
senting one  stratum  or  type  of  -oil  A  group  of 
individual  sample-  representing  all  the  strata  from 
a  Bingle  test  pit  may  he  combined  in  the  -ainc  ratio 
BS    the    thicknesses   of    the   strata    from    which    the 

samples  were  taken  to  form  a  composite  -ample 

Also,  a  -ample  ma\  he  composited  to  any  desired 
ratio  of  the  -ml  types  involved.  It  i-  usually 
preferable  to  obtain  individual  -ample-  from  each 
Btratum  of  a  -oil  deposit  rather  than  to  composite 
the  sample  in  the  field,  since  the  most  desirahle 
depth  of  excavation  ma\  he  determined  by  trying 
several  composite  -ample-  in  the  laboratory. 
Representative  -ample-  of  stockpiles  are  essen- 
tially composite  samples  in  that  parts  arc  taken  at 
random  over  the  pile.  If  the  sample  is  taken 
from  one  location,  the  selected  area  should  he 
excavated      deep      enough      to      avoid      -cLrre:_rat  ,.<| 

materials. 

The  si/.es  of  samples  required  depend  on  the 
nature  of  the  laboratory  tests  which  may  he 
required.  Table  !<•  gives  -ie_rLre-ted  Bizes  of  dim- 
ples and  the  information  required  on  a  sample 
identification  tag.  Disturbed  -ample-  of  75 
pound-  or  more  should  he  placed  in  hat's  or  other 
suitahle  container-  which  will  prevent  loss  of  the 
line  fraction  of  the  -oil  and  moisture.  Sample-  of 
silty  and  clayey  soils  proposed  for  borrow  which 
are  obtained  for  laboratory  Aiterberg  limn-  tests 
and  Proctor  compaction  tests  should  he  protected 
against  drying  and  should  he  shipped  in  water- 
proof bags  or  other  suitahle  containers  to  retain 
the  natural  moisture  so  far  a-  possible.     Samples 

of  sands  and  gravels  may  he  shipped  in  closely 
woven  textile  bags  and  should  he  air  dried  before 
placing  in  the  bag.  When  the  sack  -ample-  are 
shipped    by   public  carrier,   they   should    he  dotihle 

Backed.  The  protection  and  preparation  for  ship- 
ping of  undisturbed  samples  i-  discussed  in  section 
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Figure  71.     Making  a  standard  penetration  test  by  use  of  a  tripod  unit. 


Table  10. — Identification  and  sizes  of  samples 
[As  identification  on  sample  taps,  give  project  name,  feature,  area  designation,  hole  number,  and  depth  of  sample] 


i'urpose  of  material 

Sample  size 

Remarks 

Individual  and  composite  samples  of  disturbed  earth 
materials  for  classification  and  Proctor  compaction 
tests. 

Sufficient  material,  all  passing  the  3-inch  sieve,  to 
yield  75  pounds  passing  the  No.  4  sieve. 

Include  information  relative  to  the  percentage  by 
volume  3  inches  to  5  inches  and  plus  5  inches. 

Soil-rock  permeability  tests 

300  pounds  passing  a  3-inch  sieve . 

Air  dried. 

Relative  density  test   

Air  dried. 

Moisture  samples,  inspection  samples  of  soil,  soil 

Individual   inspection   samples   should   represent 

samples  for  sulfate  determination  (reaction  with 
concrete). 

range  of  moisture  and  type  of  materials. 

Concrete  aggregate .._ 

600  pounds  of  pit -run  sand  and  gravel.    If  screened: 
200  pounds  of  sand ,  200  pounds  of  No.  4  to  fi-inch 
size,  and  100  pounds  of  each  of  the  other  sizes 
produced.     400  pounds  of  quarry  rock  proposed 
for  crushed  aggregate. 

For  commercial  sources,  include  data  on  ownership- 

plant,  and  service  history  of  concrete  made  from 
aggregates. 

Riprap 

Method  of  excavation  used,  location  of  pit  and 

quarry. 

[nplace  density  and  water  content  of  fine-grained 

Sealed  in  suitable  container. 

soils  above  water  table. 
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io7.  It  ie  recommended  iluit  thoee  Bamples  not 
tested  should  be  stored  for  possible  future  exami- 
nation and  testing  until  the  limn  is  completed  and 
has  shown  satisfactory  operating  characteristics 
106.  Disturbed  Samples,  a  Sampling  Open  Kf- 
atione.  An  ares  of  the  sidewall  of  the  test  pit, 
trench,  or  open  cu1  should  be  trimmed  to  remove 

all    weathered    or    mixed    material.      The    exposed 

strata  should  be  examined  for  changes  in  grada- 
tion, natural  water  content,  plasticity,  unifoi  nut y, 
etc.,  and  the  representative  strata  should  be 
selected  for  sampling. 

Either    individual    or    composite    samples    are 

obtained  by  trenching  down  the  vertical  face  of  a 
pit,  trench,  or  CUl  hank  with  a  cut  of  uniform  Ctf 
section  and  collecting  the  soil  on  a  quartering  cloth 
spread  below  the  trench  (fig.  72).    The  minimum 


Indiwiduol    samples  are  token  from  eoch  loyer  of  soil. 
Composite  samples  ore  token  from  two  or  more  layers  of  soil 

Figure  72.      Sampling  trench. 

cross  section  of  the  sampling  trench  should  be  at 
least  four  times  the  dimensions  of  the  largest 
gravel  size  included  in  the  soil.  In  taking  indi- 
vidual samples  it  is  important  to  he  certain  that 
Bufficienl  representative  material  is  obtained  from 
the  stratum  and  to  see  that  extraneous  material  is 
not  included.  For  composite  samples,  a  vertical 
trench  is  cut  through  all  strata  above  any  desired 
elevation. 

If  the  material  being  sampled  is  a  gravelb  -ml 
that  contains  large  percentages  (approximately  25 
pn  rent  or  more  of  the  total  material  of  particles 
3  inches  or  larger  in  size,  it  is  usually  advantageous 
to   take   representative   proportional    parts   of   the 


entire  excavated  material,  such  a-  every  fifth  or 

tenth  bucketful,  to  be  M\  ed  a^  a  part  of  the 
■ample  rather  than  to  trim  the  -ample  from  the 
sidewall  of  the  excavation.       When  the  Samples  ale 

larger  than  required  for  testing,  their  -i/.e  may  be 
reduced  by  quartering.  This  is  done  bj  piling  the 
total  sample  in  a  cone  on  a  canvas  or  tarpaulin,  each 

Shovelful  going  to  the  center  of  the  cone  and  being 

allowed  to  run  down  equally  in  all  direction".     The 

cone    is    then   spread   out    m    a   circle    by    walking 

around  the  pile  and  gradually  widening  the  circle 
with  a  -hovel  until  a  uniform  thickness  of  materia] 

has  been  obtained       The  flat    pile  is  then  marked 

into  quarters.  Two  opposite  quarters  are  dis- 
carded. The  material  in  the  remaining  quart' 
is  mixed  again  by  shoveling  the  material  into 
another  conical  pile,  taking  alternate  shovelfuls 
from  each  of  the  two  quarters.  The  process  of 
piling,  flattening,  and  rejecting  two  quarters  is  con- 
tinued until  the  sample  is  reduced  to  t  he  de-ired  BUS. 
(b)  Sampling  Auger  Holes.  Small  auger  holes 
cannot  be  sampled  and  logged  as  accurately  as  an 
open  trench  or  a  test  pit,  since  the  inaccessible 
auger  hole  does  not  permit  visual  inspection  of  the 
total  profile  and  selection  of  representative  strata. 
Small  hand  auger  (4-inch  diameter  or  le— -  samples 

are  adequate  for  -ml  classification,  but  do  not 

provide  sufficient  material  for  testing  purpo- 
An  S-inch-diametcr  hand  auger,  however,  will  pro- 
vide samples  of  sufficient  -ize  for  testing.  As  the 
auger  hole  is  advanced,  each  amount  of  soil  ex- 
tracted by  the  auger  should  be  deposited  in  indi- 
vidual stockpiles  nearby  to  form  an  orderly  depth 
sequence  of  removed  material.  In  preparing  an 
individual  sample  from  an  auger  hole,  first,  group 
the  various  consecutive  piles  together  to  form 
representative  Bamples  of  the  various  strata;  and, 
uid.  mix  all  or  equal  parts  from  each  of  the 
appropriate  stockpiles  together  to  form  the 
desired  size  of  sample  from  each  stratum  (li^r.  7 

Sampling  from  large-diameter  power  augers  is 

accomplished  by  lifting  the  auger  blade  at  regular 
intervals,  such  as  after  each  9  to  12  inches  of  pene- 
tration, taking  a  shovelful  of  soil  from  the  auger 
blade,  and  placing  in  sacks  or  stockpiling  in  an 
orderly  depth  sequence  a-  the  auger  hole  is  ad- 
vanced (fig,  65  Consecutive  similar  stockpiles 
can  he  combined  to  form  individual  sampli 

(o)  Sampling  Stockpiles.  When  sampling  stock- 
piles or  windrows,  care  must  he  taken  to  see  that 
the  samples  are  not  selected  from  segregated  area- 
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SAMPLE     No 
FROM    HERE 

(Similor    soil) 

Piles    ore  separated     when    '' 

significantly    different    motenals 
ore    encountered 


SAMPLE    No  2 

FROM    HERE 

(Similor   soil) 


Figure  73.     Auger  sampling. 

The  amount  of  segregation  in  materials  depends  on 
the  gradation  of  the  material  and  on  the  methods 
and  equipment  used  for  stockpiling.  Even  with 
good  control  the  outer  surfaces  and  fringes  of  a 
stockpile  are  likely  to  have  some  segregation,  par- 
ticularly if  the  slopes  are  steep  and  the  material 
contains  an  appreciable  amount  of  gravel  or  coarse 
sand.  Representative  samples  from  stockpiles 
should  be  obtained  by  combining  and  mixing  small 
samples  taken  from  several  small  test  pits  or  auger 
holes  distributed  over  the  pile.  A  windrow  of  soil 
is  best  sampled  by  taking  all  the  material  from  a 
narrow  cut  transverse  to  the  windrow.  Samples 
from  either  stockpiles  or  windrows  should  be  fairly 
large  originally  and  should  be  thoroughly  mixed 
before  they  are  quartered  down  to  the  desired  size 
for  testing  purposes. 

(d)  Riprap  Samples. — The  competency  and 
quality  of  rock  for  riprap  are  judged  by  physical 
properties  tests,  petrographic  examination,  and 
service  record  of  the  material.  Since  the  riprap 
requirements  include  obtaining  proper  sizes  of  rock 
fragments,  quality  tests  made  in  the  laboratory 
must  be  supplemented  by  data  obtained  by  field 
examination  and  the  results  of  blasting  tests  in 
proposed  quarry  sites.  The  importance  of  obtain- 
ing representative  samples  of  each  type  of  material 
in  a  proposed  riprap  source  must  be  emphasized. 
If  there  is  more  than  one  type  of  material  in  a 
source,  separate  samples  should  be  obtained  repre- 


senting each  material  proposed  for  use.  Interven- 
ing layers  of  soil,  shale,  or  other  soft  rock  obviously 
unsuitable  for  riprap  need  not  be  sampled,  but  full 
descriptions  of  these  materials  should  appear  on 
the  drill  logs  and  in  a  report  of  the  investigation. 

Samples  should  be  obtained  by  blasting  down  an 
open  face  on  the  sidewall  of  a  test  pit,  trench,  or 
exposed  ledge  to  obtain  unweathered  fragments 
representing  each  type  of  material  as  it  will  be 
quarried  and  used  in  riprap.  Figure  74  is  a  photo- 
graph of  a  blast  test  in  a  riprap  source.  The  selec- 
tion of  exterior  weathered  rock  fragments  will  not 
provide  a  representative  sample  unless  only  ex- 
terior weathered  fragments  are  to  be  used  as  rip- 
rap. 

Large  fields  of  boulders  are  sometimes  proposed 
as  sources  of  riprap.  The  production  of  riprap 
from  boulder  fields  is  always  a  costly  process,  and 
should  be  considered  only  when  ledge  materials  are 
not  available.  Field  boulders  usually  do  not  have 
the  angularity  and  interlocking  properties  of  quar- 
ried riprap.  Sampling  of  boulder  sources  should 
include  breaking  of  large  boulders  with  explosives 
to  obtain  samples  of  fragments  similar  to  those 
likely  to  result  from  operations  during  construc- 
tion. Talus  slopes  should  be  sampled  only  if  the 
talus  itself  is  proposed  for  use  as  riprap.  Samples 
of  talus  material  generally  do  not  represent  the 
material  obtainable  from  the  solid  rock  ledge  above 
the  talus  slope,  because  the  talus  fragments  are 
generally   weathered,    altered,    or   case-hardened. 

(e)  Concrete  Aggregate  Samples. — Disturbed 
samples  of  concrete  aggregate  materials  are  ob- 
tained from  test  pits,  trenches,  and  cased  auger 
holes.  Since  the  gradation  of  concrete  aggregates 
is  of  great  importance,  portable  screening  appa- 
ratus is  sometimes  used  to  determine  the  gradings 
of  the  samples  in  the  field,  thus  permitting  an  esti- 
mate of  the  processing  operations  which  will  be 
required.  Figure  75  shows  exploration  for  con- 
crete aggregate  using  a  portable  screening  device. 
Whenever  facilities  are  available,  representative 
samples  of  the  aggregate  should  be  subjected  to 
laboratory  tests  to  determine  the  physical  and 
chemical  properties  of  the  material.  In  the  ab- 
sence of  facilities  for  laboratory  tests,  examina- 
tion of  the  aggregate  by  an  experienced  petrog- 
rapher  will  aid  considerably  in  estimating  its 
physical  and  chemical  soundness.  The  perform- 
ance record  of  an  aggregate  in  concrete  when  it 
can  be  determined,  is  of  great  value  in  appraising 
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Figure  74.      Blast  test  in  melamorphic  rock  investigated  as  a  source  of  riprap. 


the  potential  source  of  concrete  aggregate  and 
should  be  employed  whenever  possible.  Labora- 
tory tests  on  concrete  aggregate  are  discussed  in 
Beet  i  <  >  1 1  1  lt>. 

107.  Relatively  Undisturbed  Samples.  (&)  /'ini- 
tiation Sample*.  The  standard  penetration  boring 
includes  the  use  of  the  split-barrel  sampler  shown 
in  figures  68  and  69.  The  procedure  used  in  the 
test  under  ideal  conditions  permits  the  securing 
of  an  18-inch-long  sample,  the  lower  12  inches  of 
which  represent  the  material  For  which  the  pene- 
tration resistance  (in  blows)  is  known.  Typical 
samples  of  soil  from  the  open  split-barrel  are  placed 
into  jars  without  ramming.  The  origin  of  the 
sample  is  noted  on  the  jar,  and  it  is  stored  in 
suitable  containers  for  shipment.  The  jars  are 
sealed  with  was  or  a  self-sealing  top  to  prevent 
evaporation  of  the  soil  moisture.  Complete 
identification  of  the  sample,  including  boring 
number,  -ample  number,  depth,  penetration 
record,  and  length  of  recover}  are  placed  on  the 
jar.     Sample-  should  be  protected  from  freezing 


and  should  not  he  placed  in  the  sun.  The  sam- 
ples are  useful  for  visual  classification  of  the  soil 
and  for  laboratory  tests  of  water  content  and 
Atterberg  limits,  when  required. 

(b)  Hand-cui  Samples.  Undisturbed  samples 
in  the  form  of  cubes,  cylinders,  or  irregular  chunks 
can  be  obtained  from  strata  exposed  in  the  sides 

or  hot  ton  is  of  open  excavation-,  test  pits,  trenches. 
and  large-diameter  auger  holes.  Such  samples  are 
useful  for  determining  inplace  density  and  water 
content,  and  for  other  laboratory  tests. 

Figures  7f>.  77.  and  7^  -how  procedures  com- 
monly used  in  hand-cut  block  sampling.     Cutting 

and    trimming  samples   to  desired   size  and   shape 

requires  extreme  care,  particularly  when  working 
with  easily  disturbed  soft  or  brittle  materials. 
The  appropriate  cutting  tool  should  be  used  to 
prevent  disturbance  and  cracking  of  the  sample. 
Soft,  plastic  -oils  require  thin,  sharp  knives,  and 
sometimes  a  tijrht.  thin,  piano  wire  is  advan- 
tageous. When  climatic  conditions  are  BUch  that 
rapid  drying  occurs,  wet  cloths  should  he  used  or 
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Figure  75.     Exploration  for  concrete  aggregate  including  facilities  for  screening  and  weighing. 


other  protective  means  provided  while  the  sample 
is  being  cut.  After  the  sample  is  cut  and  trimmed 
to  the  desired  size  and  shape,  it  should  be  wrapped 
with  a  layer  of  cheesecloth  and  painted  with  warm 
sealing  wax.  Rubbing  the  surface  with  the  bare 
hands  will  help  to  seal  the  pores  in  the  wax. 
These  operations  constitute  one  layer.  At  least 
two  additional  layers  of  cloth  and  wax  should  be 
applied. 

If  a  soil  is  easily  disturbed,  a  firmly  constructed 
wooden  box  with  both  ends  removed  should  be 
placed  over  the  sample  before  it  is  cut  from  the 
parent  material  and  lifted  for  removal.  Space 
between  the  sample  and  the  walls  should  be  packed 
with  moist  sawdust  or  similar  packing  material. 
The  top  cover  of  the  box  should  then  be  placed 
over  the  packing  material.  After  removal,  the 
bottom  side  of  the  specimen  should  be  covered 
with  the  same  number  of  layers  of  cloth  and  wax 
as  the  other  surfaces,  and  the  bottom  of  the  box 
placed  over  the  packing  material. 

Samples  may  be  of  various  sizes,  the  most  com- 
mon being  6-  or  12-inch  cubes.     Cylindrical  sam- 


ples 6  to  8  inches  in  diameter  and  6  to  12  inches 
long  are  frequently  obtained  as  shown  in  figure  78. 
The  metal  cylinder  shown  in  the  figure  may  be  used 
to  confine  the  sampler  for  shipping.  Otherwise, 
the  same  trimming  and  sealing  procedures  de- 
scribed above  for  boxed  samples  apply. 

(c)  Rock  Cores. — Conventional  rotary  drilling 
and  sampling  were  originally  developed  for  drilling 
through  hard  and  soft  rocks.  Samplers,  called 
core  barrels,  will  obtain  cores  of  ]'%  inch  to  2}i  inches 
in  diameter  up  to  20  feet  long.  There  are  two 
principal  types  of  core  barrels,  single  tube  and 
double  tube.  They  are  shown  in  figure  79.  The 
single,  tube  is  simpler  in  design  and  consists  of  a 
core-barrel  head,  core  barrel,  and  attached  coring 
bit.  which  has  an  annular  groove  that  permits 
passage  of  drilling  fluid  pumped  through  the  hollow 
drill  rod.  This  design  exposes  the  core  to  drilling 
fluid  over  its  entire  length,  which  results  in  serious 
core  erosion  of  unconsolidated  or  weakly  cemented 
materials.  Therefore,  the  single  tube  is  used  pri- 
marily to  sample  hard,  solid  rock  which  requires  a 
diamond  drill  bit. 
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-.STM 


</<//</'V//////////.V«yiV.///////'////////< 


Smooth  ground  surface  and 
mark  outline  of  sample. 
Carefully  excavate  trench 
around  sample. 


1.     Carefully  smooth  face  sur 
face  and  mark  outline  of 
sample. 


",  s  /  /  /  '  ', 

'  '  /  /  ,  '  '  ', 


3.  Deepen  excavation  and  trim 
sides  of  sample  to  desired 
si2e  with  knife. 


»>«** 

*&*«# 


2.     Carefully  excavate  around 
and  in  back  of  sample. 
Shape  sample  roughly  with 
knife. 


'  /  //  S  /S  ' 

'  /  /  s  /  /  /  ' 
■  /  '  's  //s. 
''S/////SS, 
'  s *  /  / s  '/  /  /  s 


'  '  /  *■/  /  /  /  '  S  f 

'         I      ■  I  ■        ■ 


Cut  sample  from  parent 
stratum,   or  encase  sample 
in  box  before  cutting  if  sam- 
ple is  easily  disturbed. 


(A) 


"  7,"  ' 

■o       ill      < 


1,1    ,1  - 


Cut  sample  and  carefully 
remove  from  hole,    or  en- 
case sample  in  box  before 
cutting  if  sample  is  easily 
disturbed. 


(B) 


figure  76.      Iniliol  steps  to  obtain  a  hand-cut  undisturbed  block  sample  from  (A)  bottom  of  test  pit  or  level  surface, 

(B)  cut  bank  or  side  of  test  pit 

IM.V16U     HO  II 
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Two  odditionol  layers  of  cheese  cloth  ond  warm 
rubbed  wax  are  required  to  seal  the  sample  —  •» 


v-0ne  thickness  of  cheese  cloth  is  placed  against 
soil,  followed  by  an  application  of  warm 
wax,  rubbed  by  hand. 


(A.)   METHOD    FOR    SEALING    HAND-CUT    UNDISTURBED    SAMPLES 


/--Fill  space  between  sealed  sample 
and  box  with  moist  sawdust 
packed  to  support  sample.-^ 


(B.)    ENCASE    EASILY    DISTURBED    SAMPLES    IN    BOX    PRIOR    TO    CUTTING 

Figure  77.      Final  steps  to  obtain  a  hand-cut  undisturbed  block  sample. 
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Loading   bor--- 


Level  area  and  drive  cylindrical  sampler 
slightly  into  soil.  Carefully  excovate 
trench  around  cylinder  and  trim  to 
cutting  bit  with   knife. 


(B) 

Continue  to  drive  sampler  tube 
and  excavate  as  shown. 


(C) 


Carefully  cut  sample  from 
parent  material   as  shown 


Wood  disc 
previously  waxed- 


Wax  or  other 
sealing  material--. . 


^i—^ 


-Friction  tape  or 
heavy  cord 


(D) 


Seal  sample  to  prevent  moisture  loss.  Pock 
sample  and  container  in  excellsior  or  moist 
sawdust  for  shipment  to  the  laboratory. 

Figure  78.      Method  for  obtaining  a  hand-col  undisturbed  cylindrical  sample. 
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Core  lifter-. 
--Tube  Reaming  shelly        /cfilank  bit 


/yfrM////////w;»/»w;;/////M/M 


w^«y^w^waMBfete 


(A)  SINGLE 


cCore  barrel  head 


Outer  tube-/ 


Reaming  shel 
pinner  tube 


•^^y^^- 


\^^\vv\\\\\\\\\\\v\\\\\\\\\\\\\\\^^ 


,-Core  lifter 
i  cBlank  bit 


(B)    DOUBLE 


Figure  79.     Core  barrels  used  for  obtainins  samples  of  rock. 


In  addition  to  an  outer  rotating  barrel,  the 
double-tube  core-barrel  sampler  provides  an  inner 
stationary  barrel  which  protects  the  core  from  the 
drilling  fluid  and  reduces  the  torsional  forces  trans- 
mitted to  the  core.  It  is  used  to  sample  soft  or 
fractured  rock  and  may  be  used  to  obtain  cores  in 
hard,  brittle,  or  partially  cemented  soils,  or  cores 
of  soft,  weaklv  cemented  rocks.     For  these  ma- 


terials, hardened  metal  drill  bits  and  shorter  core 
barrels  (5  feet  or  2%  feet  in  length)  are  used. 

Figure  80  shows  the  dimensions  of  standard  drill- 
ing casing,  rod,  and  cores.  Figure  81  shows  a 
standard  core  box  and  illustrates  the  method  of 
placing  cores  in  the  box  to  insure  proper  identifica- 
tion of  each  core  sample. 


H.    LOGGING  OF  EXPLORATIONS 


108.  Identification  of  Holes. — To  insure  com- 
pleteness of  the  record  and  to  eliminate  confusion, 
test  holes  should  be  numbered  in  the  order  they 
are  excavated,  and  the  numbering  series  should 
be  continuous  through  the  various  stages  of  in- 
vestigation. If  a  hole  is  planned  and  programed, 
it  is  preferable  to  maintain  the  hole  number  in  the 
record  as  "not  drilled"  or  "abandoned"  with  an 
explanatory  note  rather  than  to  reuse  the  hole 
number  elsewhere.  It  is  permissible,  however,  to 
move  holes  short  distances  and  retain  the  program 
number  where  such  moves  are  required  by  local 
conditions  or  by  changes  in  engineering  plans. 
"When  explorations  cover  several  areas,  such  as 
alternative  dam  sites  and  different  borrow  areas, 
a  new  series  of  numbers  for  each  site  or  borrow 
area  should  be  used.     A  common  practice  is  to 


start   numbering   each  new  area   explored  at  an 
even  100. 

Test  holes  are  prefixed  with  a  1-  or  2-letter 
designation  to  describe  the  type  of  exploration. 
The  following  letter  designations  are  frequently 
used: 

DH     Drill  hole. 

AH     Auger  hole  (hand) . 

AP      Auger  hole  (power) . 

TP      Open  pit. 

T        Trench. 

PR  Penetration  resistance  hole. 
1 09.  Log  Forms. — A  log  is  a  written  record  of 
the  data  concerning  materials  and  conditions  en- 
countered in  individual  test  holes.  It  provides 
the  fundamental  facts  on  which  all  subsequent 
conclusions  are  based,  such  as  need  for  additional 
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SIZE    DESIGNATION 

CASING  COUPLING 

CASING 
BIT  QD 

inches 

CORE- 
BARREL 

BiT  OD 
,   Ir.chts 

DRILL 
ROD 
0   D 

Inches 

Tl 1 

"••'APPROX. 
DIAMETER 
Of    HOLE 
MADE  BY 
CORE- 
BARREL 
BIT 
inches 

APPROX 

DIAMETER 

OF  CORE 

inches 

CASING, 
CASING 
COUPLING, 
CASING 
BITS. 
C  6   BITS 

ROD. 

ROD 

COUPLINGS 

CASING 

OD 
Inches 

0  0 
Inchei 

I    D 
Inches 

EX 
A  X 
BX 
N  X 

E 
A 
B 

N 

z\        z\ 

2*e 

5 

1% 

2  \ 

3  \ 

l«li 
2   \ 
2'^e 

it 

I2*S2 

2>, 

-    \ 
2   \ 

3 

\ 

z\ 

J' 

""  For   a  dose   figure  assume   hoiej;  inch    larger   than    bit 


DIAMOND      CORE     DRILL     CASING 


Outside    diameter 
of   casing 


NX 

BX  - 

AX 

E  X 


SECTION    THROUGH    CASING   COUPLINGS,    AND  NOMINAL    DIMENSIONS 


Figure  80.      Nominal  dimensions  of  diamond  cote  drills 
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Figure  87.     Arrangement  of  cores  in  a  core  box  to  insure  identification  or  samples. 


exploration  or  testing,  feasibility  of  the  site,  design 
treatment  required,  cost  of  construction,  method 
of  construction,  and  evaluation  of  structure  per- 
formance. A  log  may  represent  pertinent  and 
important  information  that  is  used  over  a  period 
of  years;  it  may  be  needed  to  delineate  accurately 
a  change  of  conditions  with  the  passage  of  time; 
it  may  form  an  important  part  of  contract  docu- 
ments; and  it  may  be  required  as  basic  evidence 
in  court  in  case  of  dispute.  Each  log,  therefore, 
should  be  factual,  accurate,  clear,  and  complete. 
It  should  not  be  misleading.  Log  forms  are  used 
to  provide  the  required  information.  Examples 
of  logs  for  three  types  of  exploratory  holes  are: 

Geologic  log  of  drill  hole  (fig.  82).— This 
form  is  suitable  for  all  types  of  core  borings 
which  produce  comparatively  undisturbed 
samples. 

Log  of  test  pit  or  auger  hole  (fig.  83).— 
This  form  is  suitable  for  all  types  of  explor- 
atory holes  which  produce  complete  but 
disturbed  samples. 

Penetration  resistance  log  (fig.  84). — This 
form  can  be  used  for  exploratory  holes  that 
test  the  soil  in  place. 

Logs  of  trenches,   tunnels,  and  shafts  are 


best  presented  on  drawings;  these  drawings 

should  also  contain  the  pertinent  information 

outlined  in  figure  82. 

The  headings  on  the  forms  provide  spaces  for 

supplying  identifying  information  as  to  project, 

feature,   hole  number,   location,   elevation,   dates 

started    and    completed,    and    the    name    of    the 

person  responsible.     Summary  data  such  as  depth 

to  bedrock  and  to  water  table  are  useful.     All  of 

this    information    is    important;    any    omissions 

should  be  justified.     The  body  of  the  log  form  is 

divided   into    a   series   of   columns    covering   the 

various  kinds  of  information  required  according 

to  the  type  of  exploratory  hole. 

A  log  should  always  contain  information  on  the 
size  of  the  hole  and  on  the  type  of  equipment  used 
for  boring  or  excavating  the  hole.  This  should 
include  the  kind  of  drilling  bit  used  on  drill  holes, 
a  description  of  the  penetrating  equipment  or 
type  of  auger  used,  or  method  of  excavating  test 
pits.  The  location  from  which  samples  are  col- 
lected should  be  indicated  on  the  logs,  and  the 
amount  of  material  recovered  as  core  should  be 
expressed  as  a  percentage  of  each  length  of  pene- 
tration of  the  barrel.  The  logs  should  also  show 
the  extent  and  the  method  of  support  used  as  the 
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GEOLOGIC       LOG      OF 

FEATURE  BAMPU  UM  PROJECT  KXHOW 

HOLE  NO      »»        ^r^S^CVm  0*OUND  ELEVATION^   3W6-3 

BEGUN      6-2-56     FINISHED    8-2.-56     DEPTH  OF  OVERBURDEN      3.6   ft       DEPTH     3«-3  ft     BEARING  Of   ANGLE   HOLE 


DRILL     HOLE 

STATE 
ANGLE    FROM  VERTICAL 


DEPTH    OR   ELEV  OF    *ATEH   TAPLE       See   not*!  HOLE    LOGGEO  BY       John   Day 


FOREMAN      H.    T.    Roe 
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».i«,     .ale   re 
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producing  weter  et 
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CL4J»l»IC»TlON      AND 
PHYSICAL      CONDITION 


0.0'    -  3.6'   Soil  and  rock  reported.  Drln 
sample  contains  brovn  aoll  and  a 
fev  angular  rock  fragments  with  a 
few  — al 1    roots. 

3.6'  -  7-5'  Badly  weathered  andaslta 
reported.  Wash  sample  contains 
cuttings  of  vasthered  andaslta. 

7-5'    -  3*. 3'  AjnaBITE,   slightly 

weathered     light  gray. Rock  Is  In 
fslr  condition  with  s   few  harder 
tones  throughout,   but  rock  does 
not  appear  to  improve  materially 
with  depth.   Much  of  the  rock  can 
be  scratched  fairly  easy  with  s 
knife.   Soma  of  the  rock  Is  soft 
enough  so  that  It  csn  be  crumbled 
In  the  hands.    The  most  notable  of 
these  tones  Is  between  6'    end  11'. 
Most  of  the  rock  cored  fairly  good, 
but  much  of  the  core   la  quit* 
broken.    Broken  zonae  where  aost  of 
the  core   is  smaller  than  2"  ere 
from  7.5'   to  11.3',  1».7'   to  15. 3' 
17.0'    to  19-9',   20.7'    to  20.9' 
22.3'   to  2».6',  and  26.5'   to  3U.3'. 
Other  than  for  the  broken  tones, 
the  lengths  of  core  ranged  from 
about  2"  to  about  15".   Rock  contalofc 
numerous   small    feldspar  phanocrysts 
that  give  material  a  medium  grained 
appearance.    Much  of  the  feldspar 
Is  slightly  si tared  and  cloudy. 
There  are  numerous  Joints  through- 
out the  core  and  all  Joint  surface 
are  thinly  coated  with  dark  brown 
to  tan  material.    Several    email 
Inclusions  of  soft  reddish  material 
are  scattered  throughout  the  core 
with  one  length  from  19.6'    to  19-9' 
that  can  be  easily  scraped  with  s 
knife. 

3»-3'      Bottom  of  hole. 


I 


coat  loss 
coac  atcovtav 


DP  •  Drive  Pipe 
Type   of  holt 
Hols  sealed 

Approiimote    sue  of   hole  (X    series) 
Appronmo'e    sue   of   core  (>  •  series) 
Outside  diomefsr  of   cosing(X-teriesl 
Inside    diameter    of  casing  (X  -  ssriss) 


EXPLANATION 

0>  Diamond,   H  «Hoyslellils  ,S  •  Shot  .C'Churn 
P'PocKsr  ,  Cm  »  Csmsnted  ,  Cs'  Bottom   of  cosing 
E»  •  I  i",Ai    1    I  i",Bi    =    2  {"   ,Ni  ■    3" 
E.  ■    ."  .At     ■    I  .",Bi    ■     I  I"  ,Ni  ■    2  ,  " 
E«  •  1  -J'.A.     *  2  i",  Bi    ■    2  ;"  ,Ni  .    3  j  " 
Et  ■  I  f  .4i     1  itf.Bi    •    2  I"  ,  Ni  ■     3" 


SNGLC    M0LC  D 

VE*TICSL    NOLC     IS 


HOLE    NO       105 


Figure  82.      Geologic  log  ol  dtill  hole  in  o  spillway  foundation 
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SUBSURFACE    EXPLORATION  -  PENETRATION    RE 

FEATURE           Small    Dom                     GROUND  ELEVATION              5022   2                HOLE 

3ISTAN 

NUMBER 
ON 

CE   AND   LOG 

PR  4 

PROJECT            Example 
STATE              New    MexiCO 

ELEV  WATERTABLE                   50i0  0                 LOCAT 

Foundation 

DATE  WATERTABLE    GAGED        4-29-55        COORDINATES     N  62,500              ?2,520 

FOREMAN              J  Simon 
HOLE    LOGGED  Br     K  R  Clark 

WEIGHT   OF    HAMMER              l40    lDS                     TOTAL  DEPTH   OF 
HEIGHT   OF   DROP                    30    In                       DATE    BEGUN      4 

HOLE 
-28    5! 

15  9    FT 

>    FINISHED       4-28-55 

NOTES 
Type  and  we  of  hole 
r  |    I  or  spoon 
LOSS   Of  drilling  vnofer 

NO   OF 

Blows 

DESCRIPTION     OF     MATERIAL 

I 
> 

a 

UJ 

o 

o 
o 

_i 

PENETRATION  RESISTANCE 
(Blows  per  foot) 
•  Actuol 

•rapoioted 

?0             50             40 

NX  Casing 
Standard  2*00  split 
barrel  sampler  30"long 
Hole  cleaned  by  fishtail 
bit  or  rotary  drill 

i 
■ 

8 
17 

9 

7 

14 
5 
4 

05- 1  5'  Sandy  Silt  Trace  of  clay,  dry, 
calcareous  Slightly  plastic  Predominantly 
minus  No.  200  (ML) 

20-31'  Silty  clay  Clay, sand, gravel  and 
silt,  moist,  calcareous  Medium  plasticity 
Predominantly  minus  No  200  (CD 

36-46'  silt  clay  Clay,  silt,  some  sand, 
moist,  calcareous    Medium  plasticity 
Predominantly  minus   No   200ICL) 

51-62'  .SILTY  CLAY  WITH  GRAVEL    Clay.Silt, 

sand  and  gravel,  moist,  calcareous 
Medium  plasticity  Predominantly  minus 
No  200  (CD 

6  7-77'  silty  clay  Clay,  silt, and  sand, 
moist, calcareous  Medium  plasticity 
Predominantly  minus  No  200  (CL) 

82-97' CLAYEY  SILT  Some  sand,  moist , 
calcareous    Low  plasticity  Predominantly 
minus  No  200  (ML-CL) 

97-10  7'  Recovery  is  probably  caved  material 
Water  table  M  to  12' 

112-122'  Silty  fine  sand  Some  day.organic, 
wet  calcareous.  Slightly  plastic  Predomin- 
antly No  100  and  finer  (SM) 

127-137'  silty  fine  sand  Some  day, slightly 
organic,  wet, calcareous  Slightly  plastic 
Predominantly  No  lOO  and  finer  (SM) 

142-15  3'  No  recovery 

158-169'  FINE  SAND  Some  silt  and  small 
amount  of  gravel,  wet,  calcareous 
Nonplastic    Predominantly   No50to200 
(SP) 
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Figure  84.      Example  of  penetration  resistance  and  log  obtained  in  standard  penetration  test. 
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hole  is  deepened,  such  as  size  and  depth  of  casing, 
location  and  extent  of  grouting  if  used,  type  of 
drilling  mud,  or  type  of  cribbing  in  test  pits. 

Information  on  the  presence  or  absence  of  water 
levels  and  comments  on  the  reliability  of  these 
data  should  be  given  on  all  logs.  The  date 
measurements  are  made  should  be  recorded,  since 
water  levels  fluctuate  seasonally.  Water  levels 
should  be  recorded  periodically  from  the  time 
water  is  first  encountered  and  as  the  test  hole  is 
deepened.  Perched  water  tables  and  water  under 
artesian  pressure  are  important  to  note.  The 
extent  of  water-bearing  members  should  be  noted 
and  areas  where  water  is  lost  as  the  boring  pro- 
ceeds should  be  reported,  since  subsequent  work 
on  the  hole  may  preclude  duplicating  such  infor- 
mation. The  log  should  contain  information  on 
the  water  tests  made  at  intervals,  as  described  in 
section  113.  Since  it  may  be  desirable  to  main- 
tain periodic  records  of  water  level  fluctuations  in 
drilled  holes,  it  should  be  determined  whether  this 
is  required  before  abandoning  and  plugging  the 
exploratory  hole. 

Where  cobbles  and  boulders  are  encountered  in 
explorations  for  sources  of  embankment  materials, 
it  is  important  to  determine  their  percentage  by 
volume.  The  log  form  for  test  pit  or  auger  hole 
(fig.  83)  includes  a  method  for  obtaining  the  per- 
centage by  volume  of  3-  to  5-inch  rock  and  rock 
over  5  inches  in  size.  The  method  involves 
weighing  the  rock,  converting  weight  to  solid 
volume  of  rock,  and  measuring  the  volume  of  hole 
containing  the  rock.  This  determination  can  be 
made  either  on  the  total  volume  of  stratum 
excavated  or  on  a  representative  portion  of  the 
stratum  by  means  of  a  sampling  trench  which  is 
described  in  section  106. 

For  test  holes  that  penetrate  less  than  25  feet 
of  potential  borrow  material,  a  statement  should 
be  made  under  "Remarks"  in  the  log  giving  the 
reason  for  stopping  the  hole.  For  all  other  types 
of  holes,  a  statement  should  be  made  at  the  end 
of  the  log  that  the  work  was  completed  as  required 
or  a  statement  explaining  why  the  hole  was 
abandoned.  Material  should  not  be  described  as 
bedrock,  ledge  rock,  slide  material,  or  similar 
interpretative  terminology  unless  the  exploration 
actually  penetrated  such  conditions  and  samples 
were  collected  to  substantiate  these  conclusions. 
Terminating  statements  similar  to  the  following 
would  be  considered  satisfactory:  Hole  eliminated 


due  to  lack  of  funds;  hole  caved  in;  depth  limited 
by  capacity  of  equipment;  encountered  water; 
unable  to  penetrate  hard  material  in  bottom  of 
hole. 

110.  Description  of  Soils. — The  person  logging 
exploratory  holes  should  be  able  to  identify  soils 
according  to  the  Unified  Soil  Classification  System. 
The  description  of  a  soil  in  a  log  should  include 
its  typical  name,  followed  by  pertinent  descriptive 
data,  as  listed  in  table  11.  After  the  soil  is  de- 
scribed, it  should  be  placed  in  the  appropriate 
soil  classification  group  by  use  of  letter  symbols. 
These  group  symbols  represent  a  variety  of  soils 
having  certain  common  characteristics;  hence,  by 
themselves  they  are  not  sufficient  to  describe  a 
particular  soil.  Boundary  classifications  (two 
sets  of  symbols  separated  by  a  hyphen)  should  be 
used  when  the  soil  does  not  fall  clearly  into  one  of 
the  groups  but  has  strong  characteristics  of  both 
groups. 

Table   11. — Description  of  soils 


Items  of  descriptive  data 


Typical  name  (examples  are 
shown  in  classification  chart). 

Approximate  percentages  of 
gravel  and  sand 

Maximum  size  of  particles  (in- 
cluding cobbles  and  boulders). 

Shape  of  the  coarse  grains— angu- 
larity  

Surface  conditions  of  the  coarse 
grains— coatings 

Hardness  of  the  coarse  grains- 
possible  breakdown  into 
smaller  sizes 

Color  (in  moist  condition  for  fine- 
grained soils) 

Moisture  and  drainage  condi- 
tions (dry,  moist,  wet,  satu- 
rated) __ 

Organic  content 

Plasticity  (of  fine  fraction  in 
coarse-grained  soils;  degree  and 
character  for  fine-grained  soils). 

Amount  and  maximum  size  of 
coarse  grains 

Structure  (stratification,  etc., 
give  dip  and  strike;  honey 
comb    flocculent,    root  holes).. 

Cementation— type... 

Degree  of  compactness— loose  or 
dense  (excepting  clays) 

Consistency  in  undisturbed  and 
remolded  states  (clays  only) 

Local  or  geologic  name 

Group  symbol _ 


Borrow 


Coarse- 
grained 
soils 


XX 
X 

XX 
X 
X 

X 
X 


XX 

X 


X 
XX 


Fine- 
grained 
soils 


XX 


XX 
X 


XX 
X 


X 
XX 


Foundation 


Coarse- 
grained 

soils 


XX 
X 
X 
X 


XX 
X 


XX 

XX 


XX 


X 
XX 


Fine- 
grained 
soils 


XX 


XX 

X 


XX 
X 


XX 
XX 

XX 

XX 
X 
XX 
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The  purposes  for  winch  soils  are  investigated 
for  -mull  dams  can  be  divided  into  two  categoriee 
l  Borr  vn  materials  for  embankments  or  for 
Itackfill,  and  (2)  foundations  for  the  dam  and  ap- 
purtenanl  Btructuree.  The  emphasis  of  various 
features  to  be  described  depends  on  which  of  the 
categoriee  is  involved.  For  main  structures  large 
quantities  of  boU  must  be  excavated  to  reach  a 
desired  foundation.     In  the  interests  of  economy, 

maximum   U86  should  always  be  made  of  tin-  BX- 

cavated  material  in  the  construction  of  embank- 
ments and  for  backfill.  A  foundation  area,  there- 
fore, often  becomes  a  Bource  of  materials,  and  in- 
gation  of  the  area  must  take  into  account 
tin-  dual  purpose.  Descriptions  of  soils  encoun- 
tered in  BUch  explorations  should  contain  the 
essential   information   required   both   for  borrow 

materials  and  for  foundation  soils. 

Soils  that  are  potential  sources  of  borrow  ma- 
terial for  embankments  must  he  described  ade- 
quately in  the  log  of  the  exploratory  test  pit  or 
auger  hole.      Since  these  materials  are  destined  to 

he  disturbed  by  excavation,  transportation,  and 

compaction  m  the  (ill,  then-  structure  is  less  im- 
portant than  the  amount  and  characteristics  of  the 
-oil  constituents.  However,  the  recording  of  their 
natural  water  condition  is  important.  Very  dry 
horrou  materials  require  the  addition  of  large 
amounts  of  moisture  for  compaction  control,  and 
very  wel  soils  containing  appreciable  fines  may 
require  extensive  processing  in  order  to  he  usable. 

For  simplicity  the  natural  water  content  of  borrow 

aoils  should  he  reported  as  either  dry,  moist,  or  in  I. 
A  soil  that  is  reported  dry  should  be  one  that  will 
definitely  require  the  addition  of  moisture  in  order 
to  compacl  it  properly  in  a  fill.  A  soil  should  be 
reported  as  being  moist  if  it  i-  reasonably  close  to 
the  Proctor  optimum  water  content.  Soils  that 
are  reported  as  wel  should  be  obviously  well  be- 
yond the  optimum  water  content.  Borrow-pit 
boles  are  logged  BO  a-  to  indicate  divisions  between 
soil-  of  different  classification  groups.  However, 
within  the  same  soil  group  significant  change-  in 
moisture  should  be  logged. 

When  soils  are  being  explored  as  foundations  for 
dams  and  appurtenant  works,  their  natural  struc- 
ture, compactness,  and  moisture  content  air  of 
outstanding  importance.  Logs  of  foundation  ex- 
plorations, therefore,  must  emphasize  the  inplace 
condition  of  a  soil  in  addition  to  describing  its 
constituents.      The    natural    state    of    foundation 


-oil-    i-   significant    because    bearing   capacity    and 

settlement  underload  varj  tremendously  with  the 
consistency  or  compactness  of  the  -oil.  There- 
fore, information  that  a  clsj  -oil  i>  hard  and  dry, 
or  Bofl  and  moist  i-  important  Changes  in  con- 
sistency "f  foundation  SOUS  due  to  moistUTC 
changes  under  operating  condition-  mu-t  be  con- 
sidered  in   the  design.     Correct    classification   is 

needed  so  that  the  effect  of  the-e  nioi-tuic  chai  . 
on  foundation  properties  C8J)  be  predicted. 

Table  II  lists  data  that  are  needed  to  describe 
soils  for  borrow  material  and  for  foundations. 
Under  each  of  these  categories,  the  information 
desired  for  coarse-grained  soils  and  for  fine-grained 
-oil-  l-  indicated  by  an  X  All  of  these  descriptive 
data  are  not  always  needed.  Judgment  should  be 
used  to  include  pertinent  information,  to  avoid 
negative  information,  and  to  eliminate  repetition 
The  items  indicated  by  XX  should  always  be  re- 
ported. Examples  of  soil  description-  are  given  in 
the  soil  classification  chart,  figure  38,  and  in  the 
examples  on  the  log  forms,  figure-  82,  B3,  and  84. 

111.  Description  of  Rock  Cores.  The  basic  ob- 
jective of  describing  rock  cores  is  to  provide  a  con- 
cise record  of  the  important  geological  and  physical 
characteristics  of  the  core  materials.  The  descrip- 
tion should  be  prepared  preferably  by  a  geologist  ; 
its  usefulness  will  be  controlled  largely  by  the  in- 
dividual's experience  in  logging  rock  core  for  en- 
gineering purposes  and  his  knowledge  of  geology. 
Thus,  an  experienced  individual  will  include  some 
seemingly  minor  core  features  or  conditions  which 
he  knows  have  engineering  significance  and  exclude 
other  geologic  features  having  only  academic 
interest 

Description  of  the  rock  core  should  include  its 
typical  rock  name  followed  by  data  on  its  litho- 
logic  and  structural  feature-,  physical  condition 
including  alteration,  and  any  special  geologic, 
mineralogic,  or  physical  features  pertinent  to 
interpretation  of  the  subsurface  condition-.  <  las- 
sification  of  rock-  is  given  in  pail  I)  of  this  chapter 
Attention  should  be  given  to  I  l  )  the  attitude  and 
severity  of  joint-,  -cam-  or  fractures  and  whether 
Open  or  filled,  a-  well  as  to  evidence  of  shearing, 
crushing,  or  faulting:  (2)  planes  of  bedding,  lami- 
nation or  layering  and  the  ease  of  splitting  along 
such  plain-  -lor.  grain  Bize  and  shape,  and 

(in  aedimentan  rocks  like  sandstone)  the  min- 
eralogy of  the  grains  and  cementing  material  as 
well  as  the  extent  to  which  the  cementing  material 
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occupies  the  intergrain  spaces;  and  (4)  the  degree 
of  alteration  or  weathering  and  hardness  of  the 
rock.  In  the  latter  case  supplementary  phrases 
such  as  "breaks  with  sharp  hammer  blow." 
"crumbles  easily  in  the  fingers,"  or  "hard  as 
common  brick"  are  helpful.  Estimates  of  tbe 
average  length  of  core  pieces  in  successive  sections 
of  the  hole  aid  in  calling  attention  to  changes  in 
formations  or  rock  conditions  in  the  hole  not 
otherwise  recognizable  but  nonetheless  useful  in 
evaluating  subsurface  conditions  in  the  engineering 
sense. 

The  purpose  of  the  drilling  and  logging  is  to 
secure  evidence  of  the  "inplace"  condition  of  the 
rock;  therefore,  care  should  be  taken  to  note  anv 


core  condition  or  damage  due  to  the  type  of  drill 
bit  or  core  barrel  used  or  to  improper  conduct  of 
the  drilling  process.  Such  factors  ma}*  have  a 
marked  effect  on  the  amount  and  condition  of  the 
core  recovered,  particularly  in  soft,  friable,  or 
severely  fractured  rock. 

Adequate  logs  or  descriptions  of  rock  core  can 
be  prepared  by  a  reasonably  experienced  individual 
solely  through  visual  or  "hand  specimen"  exami- 
nation of  the  core  with  the  occasional  aid  of  simple 
field  tests.  Detailed  microscopic  or  laboratory 
testing  to  define  rock  type  or  mineralogy  is  gen- 
erally necessary  only  in  special  cases.  Figure  81 
shows  how  rock  cores  obtained  from  a  borehole  are 
arranged  for  logging. 


I.    FIELD  AND  LABORATORY  TESTS 


112.  General. — Of  the  great  variety  of  field  and 
laboratory  tests  that  have  been  used  in  the  design 
of  dams,  only  those  applicable  to  the  simplified 
design  procedures  used  in  this  text  are  described 
here.  In  addition  to  the  quantitative  data  (the 
number  of  blows  per  foot)  obtained  during  the 
standard  penetration  borings  described  in  section 
103,  two  other  field  tests  which  obtain  values  for 
the  natural  ground  and  which  are  applicable  in 
exploring  foundations  for  small  dams  are:  (1)  Per- 
meability tests  and  (2)  density-in-place  tests. 
The  latter  test  is  used  also  in  borrow  areas  to 
determine  shrinkage  factors  between  excavation 
and  embankment  yardages. 

Descriptions  of  laboratory  tests  on  soils  are 
limited  to  those  required  to  verify  soil  classifica- 
tions and  to  determine  compaction  characteristics 
for  comparison  with  design  assumptions  made 
from  data  of  table  6  (sec.  89)  and  for  correlation 
with  construction  control  tests  given  in  appendix 
E.  The  descriptions  of  the  tests  are  intended  to 
furnish  a  general  knowledge  of  their  scope.  For 
detailed  test  procedures  reference  should  be  made 
to  the  Bureau  of  Reclamation  Earth  Manual  [7]  or 
to  the  ASTM  Designation  [9]  noted  for  several  of 
the  tests. 

The  laboratory  quality  tests  of  riprap  and 
concrete  aggregate,  commonly  used  in  specifica- 
tions for  these  materials,  are  described  to  afford  an 
understanding  of  the  significance  of  those  tests. 
Details  of  test  procedures  can  be  found  in  the 


Bureau  of  Reclamation  Concrete  Manual  [8]  and 
in  the  referenced  ASTM  Designation  [9]. 

113.  Field  Permeability  Tests. — (a)  General. — Ap- 
proximate values  of  permeability  of  individual 
strata  penetrated  by  borings  can  be  obtained  by 
making  water  tests  in  the  holes.  The  reliability 
of  the  values  obtained  depends  on  the  homogeneity 
of  the  stratum  tested  and  on  certain  restrictions 
of  the  mathematical  formulas  used.  However,  if 
reasonable  care  is  exercised  in  adhering  to  the 
recommended  procedures,  useful  results  can  be 
obtained  during  ordinary  boring  operations.  Use 
of  the  more  precise  methods  of  determining  perme- 
ability by  pumping  from  wells  with  a  series  of 
observation  holes  to  measure  drawdown  of  the 
water  table  or  by  pumping-in  tests  using  large- 
diameter  perforated  casing  is  considered  unneces- 
sary for  the  design  of  small  dams. 

The  tests  described  below  are  of  the  pumping-in 
type;  that  is,  they  are  based  on  measuring  the 
amount  of  water  accepted  by  the  ground  through 
the  open  bottom  of  a  pipe  or  through  an  uncased 
section  of  the  hole.  These  tests  are  invalid  and 
may  be  grossly  misleading  unless  clear  water  is 
used.  The  presence  of  even  small  amounts  of 
silt  or  clay  in  the  added  water  will  plug  up  the 
test  section  and  give  permeability  results  that  are 
too  low.  By  means  of  a  settling  tank  or  a  filter, 
efforts  should  be  made  to  assure  that  only  clear 
water  is  used.  It  is  desirable  for  the  temperature 
of  the  added  water  to  be  higher  than  ground-water 
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temperature  bo  as  to  preclude  the  creation  of  air 
bubbles  in  the  ground  which  may  greatly  reduce 
the  acceptance  of  water. 

i,  Open-End  Te*U.  Figure  Bfi  \  and  B 
show-  a  teal  made  through  the  open  end  <>f  ■  pipe 
eating  which  lias  been  sunk  to  the  desired  depth 
ami  which  has  been  carefully  cleaned  out  just 
to  the  bottom  of  the  casing.  When  the  hole 
extends  helou  the  ground-water  table,  it  is  recom 

mended  that  the  hole  be  kept  filled  with  water 
during  cleaning  and  especially  during  withdrawal 

of  tools  to  avoid  squeezing  of  ^>il  into  the  bottom 

Of    the    pipe.      After    the    hole    is    cleaned    to    the 

proper  depth,  the  teal  is  begun  by  adding  clear 
water  through   a   metering  system   to  maintain 

gravity  How  at  a  constant  head.  In  tests  above 
the  water  table  (fig,  s 5   B      B  B table,  constant  level 

i-  rarely  obtained  and  a  Burging  of  the  level  within 

a  few  tenths  of  a  foot  at  a  constant  rate  of  Hon 
for  about  •">  minutes  is  considered  satisfactory. 

If  it  i-  desired  to  apply  pressure  to  the  water  en- 
tering the  hole,  the  pressure,  in  units  of  head,  is 
added  to  the  gravity  head  as  shown  in  figure  85  < 
and  (D  Measurements  of  constant  head,  con- 
stant rate  of  How  into  the  hole,  size  of  casing  pipe, 
ami  elevations  of  (op  and  hot  torn  of  casing  are  re- 
corded      The    permeability    is   obtained    from    the 

following  relation  determined  by  electric  analogy 
experiments 
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W  here 

K    permeability . 

Q     constant  rate  of  How   into  the  hole. 
/•=  internal  radius  of  casing,  and 
//    differentia]  head  of  w  ater 
An\   consistent  set  of  units  maj   be  used      For 
convenience  equation  (2)  can  be  written: 
K   in  feet  per  j  eai 

Q  (in  gallons  per  minute) 

'  //   (ill   feel 

Values  of  (\  vary  with  Bize  of  casing  as  follows 
fig  B2) 


Bin  of  <-.LNinn 

1  \ 

AX 

ll  X 

NX 

C\ 

■• 

I'- 

129.000 

102.000 

The  value  of  //  for  gravity  tests  made  below 
water  table  is  the  difference  in  feet  between  the 
level  of  water  in  the  casing  and  the  ground-water 

level.      For  tests  above  water  table.  //  is  the  depth 
of  water  in  the  hole.      For  pressure  teats  the  ap- 
plied pressure  in  feet  of  water  (1  p.S.i.=2.31  feet 
is  added  to  the  gravity  head  to  obtain  // 
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H=H(grovityHH  (pressure) 


GRAVITY  PRESSURE 

Figure  85.      An  open-end  pipe  test  for  soil  permeability  which  can  be  made  in  the  field. 
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For  the  example  shown  in  figure  85(A): 
Given: 

NX  casing, 

Q=10.1  gallons  per  minute, 
#=21.4  feet, 

Q     (102,000)(10.1) 
K~L'H~  21.4 

=48,100  feet  per  year. 
For  the  example  shown  in  figure  85(D): 
Given: 

NX  casing, 

Q=7  gallons  per  minute, 

H  (gravity)  =  24.6  feet, 

H  (pressure)  =  5  p.s.i.  =  5X2.31 

=  11.6  feet  of  water. 
Then  #=24.6  +  11.6  =  36.2  feet,  and 
Q      (102.000)(7) 


K=a 


H 


36.2 


=  19,700  feet  per  year. 


(c)  Packer  Tests. — Figure  86  shows  a  permeabil- 
ity test  made  in  a  portion  of  a  drill  hole  below  the 
casing.     This  test  can  be  made  both  above  and 


below  the  water  table  provided  the  hole  will  remain 
open.  It  is  commonly  used  for  pressure  testing  of 
bedrock  using  packers,  but  it  can  be  used  in  un- 
consolidated materials  where  a  top  packer  is  placed 
just  inside  the  casing. 

The  formulas  for  this  test  are: 


(3) 
(4) 


where : 


K  =  permeability, 

Q= constant  rate  of  flow  into  the  hole, 

L= length  of  the  portion  of  the  hole  tested, 

H=  differential  head  of  water, 

r=radius  of  hole  tested, 

log«=natural  logarithm,  and 

sinh-1  =  arc  hyperbolic  sine. 

These  formulas  have  best  validity  when  the  thick- 
ness of  the  stratum  tested  is  at  least  5L,  and  are 


CONSOLIDATED     MATERIAL 
TESTS   MADE    DURING  DRILLING 

SATURATED  UNSATURATED 

MATERIAL  MATERIAL 

H(pressure)  H(pressure) 


CONSOLIDATED    MATERIAL 
TESTS  MADE  AFTER  HOLE  IS  COMPLETED 

SATURATED  UNSATURATED 

MATERIAL  MATERIAL 

Hlpressure)  H(pressure) 


-Ground    surface 
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:a) 


-G.W.L. 


(B)  (C) 

H  =  H  (gravity)  +  Hlpressure) 

Figure  86.     The  packer  lest  for  soil  permeability. 
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considered  to  be  more  accurate  for  testa  below 
ound-water  table  than  above  it. 
For  convenience,  tin-  formulas  can  be  written: 


,.   ,  Q  (gallons  per  minute) 

A    feel  per  yew      I     g    » 


n  here  //  is  head  of  water  in  feel  acting  <>n  the  teal 
length.  Where  the  teal  length  is  below  the  water 
table,  // 1-  the  distance  in  feel  from  the  water  table 

to  the  swivel  plus  applied  pressure  in  units  of  feet 

of  water.  Where  the  test  length  is  above  the 
water  table,  //  is  the  distance  in  feel  from  the 
center  of  the  length  tested  to  the  Bwivel  plus  the 
applied  pressure  in  units  of  feel  <>f  water  For 
gravity  tests  (no  applied  pressure    measurements 

fOT  //  are  made  to  tlie  water  level  inside  the  casing 

(usually  the  level  <>f  the  ground). 
Values  of  ( \  are  given  in  the  following  table  for 

various  lengths  of  test  section  and  hole  diameters 


Uon 

DtaflMtB  "i  tart  bota 

82) 

In  fit  I.  / 

i  \ 

\.\ 

BX 

NX 

1                      

31.000 

ig  no 

14.400 
11.600 
9.800 

7,500 

.    v.. 

4.100 
3.200 

28.500 
18.100 
13.600 
11,000 
9.300 
8.100 
7,200 
6,500 
5.900 
5.400 
3.900 
3,100 

:•  BOO 

16.800 
12,700 
10.300 
8.800 
7.600 
6.800 
6.100 
5.600 
5.200 
8,700 
3.000 

23.300 

.' 

15,500 

:i 

11.800 

4 

9.700 

9  .  ■ 



• 

7,200 

:                            

6,400 

1 

5.800 

9 

5,300 

4.900 

16 

3,600 

■                    

2.800 

The  usual  procedure  is  to  drill  the  hole,  remove 
the  core  barrel  or  other  tool,  seat  the  packer, 
make  the  test,  remove  the  packer,  drill  the  hole 
deeper,  sel  the  packer  again  to  test  the  newly 
drilled  section,  and  repeat  the  teal  (aee  f i *r -  86(A)). 
If  the  hole  stands  without  casing,  a  common  pro- 
cedure is  to  drill  it  to  final  depth,  fill  with  water. 
BUTge  it.  and  bail  it  out.  Then  set  two  packers 
on  pipe  or  drill  Btem  a-  -how  n  in  figure  86  I  '  and 
l>'.  The  length  of  packer  when  expanded 
should  be  live  time-,  the  diameter  of  the  hole. 
The  bottom  of  the  pipe  holding  the  packer  musl 
bo  plugged  and  its  perforated  portion  must  be 
between  the  packers.  In  testing  between  two 
packers,  it  is  desirable  to  start  from  the  bottom 
of  the  hole  ami  work  upward. 


Example  for  figure  s'*   \ 

( u\  hi 

\  X    casing  Bel    to  depth  of  .")  feet. 

Q—2.2  gallons  per  minute, 

L=i  fo 

//  gravity)     distance  from  ground-*  ater level. 

In   -W  IVel        :;   .".    feet  . 

//   (preaaure)     5   p  -  i    <2.31=11.55   feet    of 

water. 

//    //_'ia\it\)  ■  r7(preeaure)si5.]  feet 
From  table,  ('„     23,300 


<>      (2:Unn     ,,        M00fee( 


// 


15.1 


per  \  B8J 


114.    Density-in-Place    Tests.      'a'     Sand    Density 

Method.     This  method  i-  used  to  determine  the 

inplace  density  in  a  foundation,  a  borrow  area, 
or  a  compacted  embankment  by  excavating  a  hole 
from  a  horizontal  surface,  weighing  the  material 
excavated,  and  determining  the  volume  of  the  hole 
by  filling  it  with  calibrated  sand.  A  water  con- 
tent determination  on  a  sample  of  the  excavated 

-ml  enables  the  dry  density  in  the  ground  to  be 
calculated.  Various  devices  usiiiLr  balloons  and 
water  or  oil  have  been  used  to  measure  the  volume 
of  the  hole,  but  the  sand  method  is  most  common. 

About  100  pounds  of  clean,  air-dry,  uniform 
-and  passing  the  No.  16  sieve  and  retained  on  the 
No.  30  sieve  has  been  found  to  be  satisfactory, 
('lean  "blow  sand"  or  dune  sand  is  suitable. 
When  large  test  holes  are  used  in  gravelly  soils, 
coarse  sand  having  rounded  particles  and  passing 
the  No.  4  sieve  and  retained  on  the  Xo.  8  sieve  is 
recommended.  The  sand  is  calibrated  by  pouring 
it  into  a  container  of  known  volume  of  approxi- 
mately the  size  and  shape  of  the  type  of  excavation 
to  be  used,  weighing  it.  and  calculating  its  placed 
unit  weight. 

Al  the  location  to  be  tested,  all  loose  soil  is 
removed  from  an  area  18  to  24  inches  square  and 
tlie  surface  is  leveled.  A  working  platform  sup- 
ported at  least  A  feet  from  the  edge  <>f  the  teat 
hole  should  be  provided  when  excavating  in  soils 
that  may  deform  and  change  the  dimensions  of 
the   hole  due   to   the  weight    of  the  operator.      An 

8-inch-diameter  hole  12  to  14  inches  deep  is 
satisfactory  for  cohesive  soils  which  contain  little 
or  no  gravel.  A  hole  about  12  inches  in  diameter 
al  tlu>  surface,  tapering  down  to  about  u  inches 
at  a  depth  of  12  to  14  inches,  is  needed  for  gravelly 
soils. 
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A  steel  or  wooden  template  with  the  proper 
sized  hole  is  placed  on  the  ground  and  the  excava- 
tion is  carefully  made  with  an  auger  or  other 
handtools.  All  material  taken  from  the  hole  is 
placed  in  an  airtight  container  for  subsequent 
weighing.  To  avoid  loss  of  moisture  the  cover 
should  be  kept  on  the  container  except  when  in 
use;  and  in  hot,  dry  climates  shade  for  the  test 
area  and  a  moist  cloth  over  the  container  should 
be  provided. 

The  volume  of  the  hole  is  determined  by  care- 
fully filling  it  with  calibrated  sand  using  the 
sand-pouring  device  shown  in  figure  87  or  similar 
method.  The  weight  of  sand  used  to  fill  the  hole 
is  determined  by  subtracting  the  final  weight  of 
sand  and  container  (plus  the  calculated  weight 
of  sand  occupying  the  small  space  in  the  template), 
from  the  initial  weight.  The  volume  of  the  sand 
(and  of  the  hole)  is  calculated  from  the  known 
unit  weight  of  calibrated  sand. 


■■  -• 


Figure  87.     Determining  density  of  rolled  embankment  material 
by  replacement  with  a  sand  of  known  density.      794-701-401. 

The  inplace  wet  density  of  the  soil  is  the  weight 
of  the  soil  removed  from  the  hole  divided  by  the 
volume  of  the  hole.  For  soils  containing  no  gravel, 
a  representative  moisture  sample  is  taken  and  the 
water  content  is  determined  (see  section  115  for 
water  content  test).  The  inplace  dry  density 
is  then  calculated. 

For  soils  containing  gravel  sizes,  the  wet  density 
of  the  total  material  is  determined  as  in  the  fore- 
going. In  the  laboratory  the  gravel  particles  are 
separated  from  the  soil,  and  their  weight  and  solid 


volume  are  determined  and  subtracted  from  the 
total  weight  of  material  and  volume  of  the  hole, 
respectively,  to  obtain  the  wet  density  of  the 
minus  No.  4  fraction  of  the  soil.  This  is  converted 
to  dry  density  by  a  water  content  determination. 
The  field  and  laboratory  procedures  used  for 
density  inplace  tests  are  shown  in  figure  88. 

(b)  Method  for  Dry,  Gravel-Free  Soils. — It  is 
often  necessary  to  determine  the  inplace  dry 
density  and  water  content  of  fairly  deep  founda- 
tions of  cohesive  soils  above  the  water  table.  The 
sand  density  method  given  in  (a)  above  requires 
a  test  pit  or  large-diameter  auger  hole  to  gain 
access  to  the  foundation.  The.  following  simple 
method  has  been  used  successfully  to  obtain  in- 
place density  in  stages  of  depth  in  foundations  and 
borrow  areas  of  dry  gravel-free  soils  with  the  use 
of  a  hand  auger. 

A  platform  should  be  built  on  which  the  investi- 
gator can  stand  without  bearing  on  the  soil  within 
2  feet  of  the  hole  he  is  to  auger.  A  system  of 
sills  and  joists  covered  by  decking  containing 
a  hole  about  12  inches  in  diameter  in  the  center 
will  suffice.  Such  a  device  will  preclude  squeezing 
of  the  upper  portion  of  the  hole.  The  procedure 
is  to  start  a  hole  with  an  8-inch-diameter  post-hole 
auger,  penetrating  the  soil  for  a  distance  of  between 
6  inches  and  1  foot,  depending  on  the  probable 
depth  of  stripping.  The  soil  removed  is  discarded, 
and  the  depth  from  the  surface  of  the  ground  to 
the  apex  of  the  cone  at  the  bottom  of  the  hole  is 
measured  to  within  0.01  foot.  The  hole  is  then 
deepened  with  the  auger  to  a  depth  of  3  feet  or  to 
any  apparent  change  in  soil  structure,  whichever 
occurs  first ;  and  the  soil  removed  is  placed  on 
a  clean  canvas,  sampled  for  water  content,  and 
weighed.  The  depth  from  the  bottom  of  the  hole 
to  the  top  of  the  ground  is  carefully  measured 
again  to  the  nearest  0.01  foot,  and  the  diameter 
of  the  hole  is  measured  at  about  1  foot  below  the 
surface  of  the  ground. 

The  volume  of  the  hole  sampled  is  the  difference 
between  the  two  depths  measured,  multiplied  by 
the  area  of  the  hole  as  computed  from  the  measured 
diameter.  Thus,  the  wet  density  and  the  dry 
density  can  be  determined  for  each  tested  depth 
below  stripping.  The  tests  can  be  continued  to 
the  limit  of  the  practicable  hand-auger  depth, 
which  is  about  20  feet  for  an  8-inch-diameter  auger 
and  which  can  be  extended  by  use  of  a  tripod  to 
aid  in  removing  the  auger  from  the  hole.     Since 


FOUNDATIONS  AND  CONSTRUCTION  MATERIALS 


149 


PREPARATION 

(Pril.ntiiioi'i  to  '<U  "0"l 


CAnMATE    SANO   TO  tC   uSID 


•  I    u»     '.AND    UD    CONTAINER 


ASSIMSif     EQUIPMENT 


•EiC«  50a  container 


■ 


MUD  AND  CONTAINER 


FIELD    WORK 


PREPARE    SURFACE   F0«  HOLE 


PiACE    'lATE    with  I  01*  HOtC 
I0HKWIAII 


IKIVIM     HOLE    '?   '0  '4   inches 


BATUMI     i  i» 

IK  IiGhT    CC*'l  «(» 


'ILL    H0L(     WITH    STANDARD 

sand  ikon  weigheo  com»i[> 


SAND  RESlOUE    ANO    C0W'»i<ll»       "- 


«(M0v(     SANO   "OK    MOll 


- 
SANO  RESIDUE   MO  C0«'*i»l» 


LABORATORY    WORK 


III    (ICAVA'ED 
MATERIALS   ANO   CON'A  Nf» 


in  t»:*>«'ic 


MA'(AiAL 


NO   4   USS    SIC  vt 


IGRAVELl 
'  Ho  4    FRACTION 


(EARTMI 

-No  4   FRICTION    IT   f i£lC 
•  AT£R    CONTENT 


•IS"    G»AvEl    ON    SCREEN 
ANO    ALLOW    TO  DRAIN 


500  (111  »0!'j>(    SUM 


D»'  GRAVEL    SuRfACES   8' 
(LOTTING    W.Tn   A    TOWEL 


WEIGH   NO'S'   SIMPLE 


WEIGH    WET   SURFACE- 
DRiEO    GRAVEL 


Obtain   »olum«  at  grovel  b»  d'»IOCem«n' 
from  uphon  con  or  bj  «e>gi><nq 
in  0'i  and  ■ale' 


OCURNINE     VOLUME    Of  GRAVEL 


OVEN  ORV    THE  GRAVEL 


Y 

•  ErG" 

OVEN 

■DRiED 

GRAVEL 

7)    •EIGHT  0*    SANO  ANO  CONTAINER 

-w®   WEIGHT  OF  S1N0  RESIDUE  ANO  CONTAINER 

©   WENJHT  of  SUD  USED'  ©-© 

©   VOLUME  Of  "OLE  ■[©  -  OENSiTr  Of  SANo]  M'NUS   VOLUME 
Of  PLATE  l*US£OI 
a  ©   WEIGHT  Of  MOIST  EARTH. GRAVEL  »N0  CONTAINER 

t»©    WEIGHT  Of  CLEAN   SOIL    CONTAINER 

0  WEIGHT  Of  MOIST  EARTn  mo  G«»VEL   ©"© 


OVEN     DRT    TO  CONSTANT    WEIGHT 


■EIGM    OvEN-DRiEO  SAMPLE 


DETERMINE     SPECIFIC    GRAVITY 


©   WEIGHT    Of  MOIST  5»MPLE 

©  WEIGHT  Of  OVENORiED  SAMPLE 

,-n  ©"® 

(ll)    WATER   CONTENT   OF    EARTH:  >^ 

*■©  WEIGHT  OF  WET,  SURfACE    DRlEO  GRAVEL 

a^O)  VOLUME  Of  GRAVEL 

»©  WEIGHT   Of  OVENORiED  GRAVEL 

_    WET,  SUWflCE    ORT  SPECIFIC  GRAVlTT 
®        Of  GRAVEL  •  © 

©■(OENSlTt  OF  h,oi 

©  RATIO  OF  WEIGHT  OF  GR»VEL  TO 
v^        0*T   WEIGHT   Of    TOTAL    SAMPU 


®-@ 


©  WET   OENSiTT  OF  MOIST   EARTH 
ANO  GR1VEL '     ©_ 

© 


©   WATER    CONTENT   OF  GRAVEL 

©    WET    OENSITT  Of  EHRTHl-N.  41 

®  0»T  OENSITT  Of  EARThI-n.  41 

W  10.® 

©   DRT  OENSiTT  Of  EIRTh  ANO  GRA.- 

PROCEDURE   FOR  OENSITY-IN-PLACE   TEST 


®X® 


1 1      i.ii 


Figure  88       Procedufe  for  densily-in-place  lest 


150 


DESIGN  OF  SMALL  DAMS 


about  1  cubic  foot  of  material  is  extracted  for 
a  3-foot  depth,  an  accuracy  of  weighing  to  about 
1  pound  is  satisfactory.  A  field  scale  of  150-  or 
200-pound  capacity  can  be  used. 

This  method  is  applicable  only  to  relatively  dry, 
cohesive  soils.  If  the  hole  tends  to  cave,  this 
method  obviously  fails  and  test  pits  must  be  used. 

115.  Laboratory  Test  on  Soils. — (a)  Gradation. — 
The  gradation  or  grain  size  analysis  of  soils  is  done 
by  a  combination  of  sieving  and  wet  mechanical 
analysis.  A  representative  sample  of  the  soil  is 
dried,  weighed,  and  screened  on  a  United  States 
standard  No.  4  screen  to  remove  the  gravel  which 
is  then  passed  through  a  series  of  screens  to  deter- 
mine the  amount  larger  than  3  inches,  1%  inches, 
%  inch,  %  inch,  and  %  inch.  An  oven-dried  sample 
of  the  minus  No.  4  material  is  used  for  the  re- 
mainder of  the  test.  One-hundred  grams  of  soil 
for  sands  (50  grams  for  silts  and  clays)  are  carefully 
weighed  out  and  treated  with  20  cc.  of  0.5  normal 
sodium  silicate  solution  and  distilled  water  in 
order  to  separate  the  fine  grains.  After  several 
hours  the  mixture  is  dispersed  by  thoroughly 
mixing  in  a  malted  milk  type  of  machine,  then 
transferred  to  a  1,000-ml.  graduate.  Distilled 
water  is  added  to  bring  it  to  exactly  1,000  ml.  and 
mixed. 


The  graduate  containing  the  mixture  is  placed 
upon  a  table,  and  a  stopwatch  is  started.  A  soil 
hydrometer  is  placed  in  the  mixture  and  readings 
are  made  at  1,  4,  19,  and  60  minutes;  and  also  at 
7  hours  15  minutes  when  expansive  clays  are  in- 
volved. The  hydrometer  is  of  the  Bouyoucos 
type,  which  is  calibrated  in  grams  per  liter  at  20° 
C,  and  its  readings  are  corrected  for  the  meniscus 
error  (the  top  of  the  meniscus  is  read  during  the 
test),  for  difference  in  temperature  from  20°  C, 
and  for  the  amount  of  deflocculating  agent  used. 
On  completion  of  the  1-hour  or  the  7-hour  15- 
minute  reading  the  mixture  is  washed  on  a  No.  200 
United  States  standard  sieve  and  the  retained 
fraction  is  dried  and  separated  on  the  Nos.  8,  16, 
30,  50,  100,  and  200  standard  sieves;  15  minutes 
of  shaking  in  a  power  sieve  shaker  is  usually  done. 
The  residue  on  each  screen  is  weighed.  Figure  89 
is  an  example  of  a  resulting  gradation  analysis 
curve. 

(b)  Water  Content. — The  water  content  of  a  soil 
is  defined  as  the  weight  of  water  it  contains 
divided  by  the  weight  of  dry  soil.  The  procedure 
involves  weighing  a  sample  of  moist  soil  and  its 
container  and  drying  it  in  an  oven  at  110°  C.  to 
constant  weight.  The  time  required  to  attain 
constant  weight  varies  for  different  soils,  from  a 
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few  hours  ft«!  Band}  soils  to  several  days  for  very  i<>  form  the  soil  into  a  thread  one-eighth  inch  in 

fat  clays      About  16  hours  should  be  the  minimum  diameter.  It  is  then  reformed  into  a  ball,  kneaded 

time  used.    The  dried  sample  nnd  container  are  and  rolled  oul  again.     This  procedure  is  continued 

placed  in  a  desiccator  to  cool  to  room  temperature  until  the  soil  crumbles  when  the  thread  heroines 

prior  to  weighing.     The  water  content  is  calcu-  one-eighth  inch  and   cannot    be   reformed.     The 

lated  as  being  the  difference  between  the  initial  water  contenl    determined   for  this  condition   is 

and  final  weights  of  soil  and  container,  divided  by  the  plastic  limit.     Figure  36  shows  the  test    for 

the  difference  between  the  weight  of  the  drj  sod  plastic  limit.    The  plasticity  index  is  the  difference 

and   container,   and    the   weight    <»f   the   container  between  the  liquid   limit    and    the   plastic   limit   of 

[n  order  to  insure  accuracy,  the  following  sizes  of  a  soil.     Detailed   test    procedures    are   given    in 

u  ater  content   samples  are  recommended:  WI'M      Designation    424    54T. 

Si:e  o/$ami>lr,  grami  Si:r  of  soil  imrliclrs  A        N  ,-,■     In  ■    (I'niril)/.        Specific   ^111  V  i  t  V    is   defi  I1C<1 

in  Minn-  No.   in  as  the  ratio  of  the  weight  in  air  of  a  given  volume 

-IM*  Minus  No    l  of  material  to  the  weight  in  air  of  an  equal  volume 

BOO  Minus  %-inch.  t    .•     ...    ,  ,  .  rrn 

...  of  distilled  water  at   a     stated  teinperat  lire.       I  ho 
i.ihii)                                       Mum-  ft-inch.  .         ' 

2ooo  Minus  l'  -inch.  minus  No.  4   fraction  of  soil   is  commonly  tested 

■_>. i,.r  m..re'  \.    i  to 8-inoh gravel.  for  specific  gravity  by  the  flask  method.     In  this 

i  The  Mmpte  ihould  be  law  enough  to  |*t  *  repraaentttlve  nmple  of  the  method     a     500-ml        lon<r-nccked     flask     is     cali- 

il  up  i<>  ilir  3-Inch  l"> 

hinted  for  volume  at  Beveral  temperatures.     One 
Atierberg    Limits.     To    obtain    the    liquid  hundred  grams  of  oven-dried  minus   No.  4  ma- 
limit    of   a   soil,    the   fraction    passing   the    No.   40  terial    is    washed    into    the    calibrated    flask    with 

sieve  is  mixed  with  water  to  a  puttylike  consistency  distilled  water.     With  the  water  level  well  below 

and  placed  in  a  hrass  cup,  as  shown  in  figure  35.  the  neck  of  the  flask,  a  vacuum  is  applied  to  the 

It   is  leveled  oil'  to  a  depth  of   1   cm.  nnd  divided  mixture    which    causes    boiling    of    entrapped    air 

by  n  grooving  tool,  as  shown  in  the  figure.     The  from   the  mixture.      When   the  air  has  been   vir- 

Crank  is  turned  two  rotation-  per  second  until  the  tually  exhausted,  distilled  water  is  added  to  bring 

two  sides  of  the  sample  come  in  contact  at   the  the  volume  to  exactly  the  calibrated  volume  of  the 

bottom   of  the  groove   for  a   distance  of  one-half  flask,   and    the   vacuum    is  applied   again.      When 

inch  along  the  groove,  and  the  number  of  blows  is  all  the  air  has  been  removed,  the  flask  and  its 

recorded.      The  water  content   of  soil   taken   from  contents  are  weighed,  and  the  temperature  of  the 

this    portion    of    the   groove    is    determined.      The  mixture  is  determined.      The  volume  of  the    100 

teat    i-    repeated    with    added    water   or   with    less  grams  of  dried   soil   is  determined   from   the  data 

waier  until  a  result  of  25  blows  is  bracketed;  that  obtained,  and  the  specific  gravity  of  the  soil  is 

i-.   test    results  above  and   below  25  blows   are  then  computed. 

obtained.      A   "How  curve"   is  then  plotted  on   a  To  determine  the  specific  gravity  of  gravel  and 

aemilogarithmic  graph  with  the  Dumber  of  blows  cobbles,  the  material  is  immersed  in  water  for  a 

on  the  logarithmic  scale  against  the  water  content  period  of  24  hours  and  then  blotted  with  a  towel. 

on     the    arithmetic    scale.     The     water    content  This   is   the  saturated   surface-dry   condition.      It 

corresponding  to  the  25-blow  value  is  the  liquid  is  then  weighed  and  carefully  placed  in  a  filled 

limit.      Detailed     test     procedures     are    given     in  siphon    can    from    which    the    volume   of   water   it 

ASTM  Designation  D  423-54T.  displaces  is  measured.     The  hulk  specific  gravity 

The    plastic   limit    is   the   lowest    moisture   con-  on  a  saturated  surface-dry  basis  is  the  weight   of 

tent    expressed    a-   a   percentage  of   the   weighl    of  the  sample  divided   by   the   volume  of  water  dis- 

Q-dried    soil    at    which    the   soil    can    be    rolled  placed.      The   bulk    specific   gravity    on    an    oven- 

into  threads  one-eighth  inch  in  diameter  without  dry  basis  is  the  oven-dry  weight   of  the  material 

the    thread    breaking    into    pieces.      In    order    to  divided  by  the  volume  displaced  by  the  saturated 

determine   it,   about    1">  grams  of  minus    \'o.    40  surface-dry     material.     See     section      116(a)     for 

fraction  of  a  soil  are  mixed  with  enough  water  to  another  method  of  specific  gravity  determination. 
obtain  a  plastic  material  and  shaped  into  a  ball.  Proctor  Compaction.     The  Proctor  maximum 

The  soil   i>   then   rolled   between   the  palm  of  the  dry  density  of  a  soil  is  the  greatest  dry  unit  weight 

hand  and  a  ground  glass  plate  or  absorbent   paper  obtainable   b\    the  method    to  be  described.      The 
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optimum  water  content  of  the  soil  is  the  water 
content  at  this  condition.  For  this  test,  water  is 
added  to  about  35  pounds  of  the  minus  Xo.  4 
fraction  of  the  soil  until  its  consistency  is  such 
that  it  barely  adheres  when  squeezed  firmly  in 
the  hand.  A  sample  of  the  soil  is  compacted  in 
a  %o-cubic-foot  Proctor  mold  (with  collar  at- 
tached) in  3  equal  layers  by  25  uniformly  dis- 
tributed blows  per  layer  of  a  tamping  rod  weighing 
5.5  pounds  dropped  freely  18  inches  above  the 
layer.  The  third  compacted  layer  should  extend 
slightly  into  the  collar  section.  The  collar  is  then 
removed,  and  the  soil  is  trimmed  to  the  top  of 
the  mold  with  a  straightedge  trimmer.  The  soil 
and  mold  are  then  weighed.  The  water  content 
of  the  compacted  specimen  is  determined  from 
a  sample  taken  near  the  center.  This  procedure 
is  repeated  at  least  five  times  using  new  soil  for 
each  specimen  and  increasing  the  water  added 
until  the  resulting  compacted  wet  weight  decreases. 

The  Proctor  mold  used  by  the  Bureau  of  Recla- 
mation is  one-twentieth  cubic  foot  in  volume,  and 
the  foregoing  procedure  with  that  mold  results  in 
a  compactive  effort  of  12,375  foot-pounds  per 
cubic  foot  of  soil.  The  ASTM  Designation  D  698- 
42T  and  the  standard  AASHO  methods  use  the 
same  compactive  effort,  12,375  foot-pounds  per 
cubic  foot,  and  identical  procedures,  except  that 
a  Mo-cubic-foot  cylinder  is  used  and  the  free 
drop  is  12  inches  instead  of  18  inches. 

The  penetration  resistance  of  the  compacted  sod 
for  points  along  the  compaction  curve,  as  shown 
in  figure  90,  can  be  obtained  by  forcing  the  Proctor 
needle  into  each  compacted  specimen  and  deter- 
mining the  penetration  resistance  in  pounds  per 
square  inch.  This  method  has  been  extensively 
used  for  moisture  control  of  compacted  fills. 
However,  the  rapid  method  of  compaction  con- 
trol described  in  appendix  E  is  believed  to  be 
a  more  accurate  method  which  should  supplant 
the  Proctor  needle  for  that  purpose. 

(f)  Relative  Density. — Relative  density  is  defined 
as  the  state  of  compactness  of  a  soil  with  respect 
to  the  loosest  and  densest  states  at  which  it  can 
be  placed  by  specific  laboratory  procedures.  This 
test  is  applicable  to  cohesionless  materials  which 
do  not  have  well-defined  Proctor  curves.  The 
minimum  density  is  obtained  by  carefully  placing 
dried  soil  in  a  container  of  known  size,  usually 
/2  to  1  cubic  foot.  About  1  inch  free  fall  is  per- 
mitted for  sands;  gravel  up  to  3  inches  in  size  is 


placed  with  a  scoop.  The  excess  soil  is  carefully 
trimmed  level  to  the  top  and  the  full  container 
is  weighed. 

To  obtain  the  maximum  density,  the  soil  is 
thoroughly  wetted  and  placed  slowly  into  the 
container  with  an  attached  vibrator  operating. 
After  the  container  is  filled,  the  vibrator  is  oper- 
ated for  at  least  1  minute.  The  material  in  the 
container  is  then  emptied  into  a  pan,  dried,  and 
weighed.  The  relative  density  is  defined  by  the 
formula : 


Dc 


(5) 


It  is  usually  expressed  as  a  percentage.  Figure  91 
shows  a  maximum  density  test  in  progress,  using 
a  0.5-cubic-foot  container. 

116.  Laboratory  Tests  on  Riprap  and  Concrete 
Aggregate. — (a)  Specific  Gravity  and  Absorption. — 
The  specific  gravity  of  sand  for  concrete  aggregate 
can  be  determined  on  a  saturated  surface-dry  sam- 
ple in  a  manner  similar  to  that  given  for  soil  in 
section  115(d).  The  specific  gravity  of  coarse 
aggregates  and  riprap  (crushed  to  1^-inch  maxi- 
mum size)  is  determined  by  saturating  the  ma- 
terial for  24  hours  in  water  at  a  temperature  of  59° 
to  77°  F.,  blotting  with  a  towel,  and  weighing. 
After  weighing,  the  material  is  placed  in  a  wire 
basket  and  is  weighed  again  in  water.  The  sample 
is  then  dried  to  a  constant  weight  in  an  oven, 
cooled  to  room  temperature,  and  weighed  again. 
If  A  is  the  weight  in  grams  of  the  oven-dried  sam- 
ple in  air,  B  the  weight  in  grams  of  the  saturated 
surface-dried  sample  in  air,  and  C  the  weight  in 
grams  of  the  sample  in  water,  then  the  specific 

gravity,  on  a  dry  basis,  equals  ^ — ^>  the  specific 

gravity  on  a   saturated  surface-dry  basis  equals 

v  and  the  absorption  equals  — -. —  on  a  dry 


B-C 


g j± 

basis  and  — ^ —  on  a  saturated  surface-dry  basis. 
B 


Absorption  is  usually  expressed  as  a  percentage. 
ASTM  Designation  C  128-42  describes  detailed 
procedures  for  these  tests. 

(b)  Abrasion. — This  test  determines  the  abra- 
sion resistance  of  crushed  rock  and  natural  and 
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Figure  97.     A  maximum  density  test  in  progress  using  the  0.5- 
cubic-foot  container. 


crushed  gravel.  The  Los  Angeles  abrasion  ma- 
chine, which  consists  of  a  hollow  steel  cylinder 
closed  at  both  ends,  having  a  diameter  of  28  inches 
and  a  length  of  20  inches,  is  used. 

The  abrasive  charge  consists  of  cast-iron  or  steel 
spheres  approximately  1%  inches  in  diameter. 
Twelve  spheres  are  used  for  an  A  grading  (maxi- 
mum size  of  particle  1%  inches),  11  for  a  B  grading 
(%  inch  maximum),  and  8  for  a  C  grading  (%  inch 
maximum). 

The  test  sample  of  5,000  grams  and  the  proper 
abrasive  charge  are  placed  in  the  Los  Angeles  abra- 
sion testing  machine,  and  the  machine  is  rotated 
for  100  revolutions  at  a  speed  of  from  30  to  33 
revolutions  per  minute.     The  material  is  then  re- 


moved from  the  machine,  screened  on  a  Xo.  12 
screen,  and  the  material  retained  on  the  screen 
weighed.  The  entire  sample  including  the  dust  of 
abrasion  is  returned  to  the  testing  machine,  the 
machine  is  rotated  an  additional  400  revolutions, 
and  the  screening  and  weighing  are  repeated.  The 
differences  between  the  original  weight  of  the  test 
sample  and  the  weights  of  the  material  retained  on 
the  screen  at  100  revolutions  and  at  500  revolutions 
are  expressed  as  percentages  of  the  original  weight 
of  the  test  sample.  These  values  are  reported  as 
percentages  of  wear.  ASTM  Designation  C  131— 
55  describes  detailed  procedures  for  this  test. 

(c)  Soundness. — The  most  commonly  used 
soundness  test  is  the  sodium  sulfate  test.  The 
results  of  this  test  are  used  as  an  indication  of  the 
ability  of  aggregate  and  riprap  to  resist  weather- 
ing. A  carefully  prepared  saturated  solution  of 
sodium  sulfate  is  kept  at  a  temperature  of  73.4°  F. 
(23°  C).  After  washing  and  drying  in  an  oven, 
the  material  to  be  tested  is  screened  to  provide  a 
specified  gradation,  usually  from  \%  inches  to  the 
Xo.  50  sieve  size.  Specified  weights  of  the  various 
fractions  of  the  material  are  placed  in  separate 
containers  resistant  to  the  action  of  the  solution, 
and  sufficient  sodium  sulfate  solution  is  poured  into 
the  containers  to  cover  the  samples.  The  material 
is  permitted  to  soak  for  18  hours,  during  which  the 
temperature  is  maintained  at  73.4°  F.   (23°  C). 

After  the  18-hour  immersion  period,  the  samples 
are  removed  from  the  solution  and  dried  to  con- 
stant weight  (about  4  hours)  at  a  temperature  of 
221°  to  230°  F.  (105°  to  110°  C).  After  drying, 
the  sample  fractions  are  cooled  to  room  tempera- 
ture and  the  process  is  repeated.  At  the  end  of 
five  cycles,  the  test  sample  is  inspected  and  records 
made  of  observation.  Each  fraction  is  then  washed 
thoroughly  to  remove  the  sodium  sulfate  from  the 
material,  dried,  and  cooled.  Each  fraction  is 
screened  and  the  quantities  of  material  retained 
are  weighed.  The  weighted  average  loss  for  each 
fraction  is  computed  and  reported.  ASTM  Desig- 
nation C  88-55T  describes  detailed  procedure  for 
this  test. 
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Earthfil    Dams 


H    G    ARTHUR 


A.     INTRODUCTION 


118.    Origin    and    Development.      Kurt  Mill    diuns 

for  the  storage  of  water  for  irrigation,  as  attested 
both  l>y  history  and  the  surviving  remnants  of 
undent  BtructureS,  have  been  used  since  the  curly 
da>'8  of  civilization.      Sonic  of  the  structures  built 

in  antiquity  were  of  considerable  Bize.  One  earth- 
fil] (lam  1 1  miles  long,  To  feet  high,  and  containing 
aboul  17  million  cubic  yards  of  embankment  was 
completed    in    Ceylon    in    the   year    ">04    B.C.    [1].- 

Today,  as  in  the  past,  the  earthfill  dam  continues 
to  be  the  mosl  common  type  of  small  dam. 
principally  because  its  construction  involves 
utilization  of  materials  in  their  natural  state  with 
a  minimum  of  processing. 

1'ntil  modern  times  all  earthfill  dams  were  de- 
signed l>\  empirical  methods,  and  engineering 
literature  is  replete  with  accounts  of  failures  (2]. 
These  failures  compelled  the  realization  that 
empirical  methods  must  he  replaced  by  rational 
engineering  procedures  in  both  design  and  con- 
struction. One  of  the  first  to  suggesl  that  the 
slope-  for  earthfill  dam-  he  selected  on  that  basis 
was  Bassell  in  1907  [3],  However,  little  progi 
was  made  on  the  development  of  rational  design 
procedure-  until  the  1930's.  The  rapid  advance- 
ment of  the  science  of  soil  mechanics  since  that 
time  has  resulted  in  the  development  of  greatly 
improved  procedures  for  the  design  of  earthfill 
dam-       These     procedure-    include     (1)     thorough 

preoonstruction  investigations  of  foundation  con- 
ditions and  material-  of  construction:  (2)  applica- 
tion of  engineering  skill  and  technique  to  design; 
and  (3)  carefully  planned  and  controlled  methods 
of  construction 


1  Kni'itmr.  Rartn  Dtnu  Section,  Bureau  ol  Reclamation 
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A-  a  result,  earthfill  dams  are  now      1958     being 

constructed  to  heights  exceeding  500  feet  above 

their  foundation-;  and  hundreds  of  large  rolled 
earthfill  dams  have  been  constructed  in  the  past 
20  year-  without  a  single  recorded  failure.  Fail- 
ures of  small  earthfill  dams,  however,  continue  to 
he  commonplace.  Though  some  of  these  failure- 
likely  are  a  result  of  improper  design,  many  of 
them  are  caused  by  lack  of  care  in  construction. 
Proper  construction  methods  include  adequate 
foundation  preparation  and  the  placement  of 
materials  in  the  dam  embankment  with  the  m ■• 
Bary  degree  of  compaction  under  an  established 
procedure  of  testing  and  control. 

The  design  of  an  earthfill  dam  must  be  realistic. 
It  should  reflect  the  actual  foundation  conditions 
at  the  site  and  the  available  materials  for  embank- 
ment construction,  and  not  merely  be  patterned 
alter  a  successful  design  used  at  a  -de  with  dis- 
similar conditions. 

119.  Scope  of  Discussion.  This  discussion  is 
limited  to  design  procedures  for  -mall  earthfill 
dams  which  are  of  the  rolled-fill  type  of  construc- 
tion, as  defined  in  section  120.  This  type  of 
construction  is  now  being  used  almost  entirely 
for  the  construction  of  small  dams  to  the  exclusion 
of  semihydraulic  and  hydraulic  fills. 

For  the  purpose  of  this  discussion  a  "small" 
dam  is  one  whose  maximum  height  above  the 
lowesl   point   in  the  original  streambed  does  not 

exceed  50  feet,  and  whose  volume  is  not  of  such 
magnitude  that  significant  economics  can  be  ob- 
tained by  utilizing  the  more  precise  methods  of 
designs  usually  reserved  for  large  dam-  A  low 
dam  cannot  be  considered  small  if  its  volume  ex- 
ds  Bay,  l  million  cubic  yard-      Figures  92  and 
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Figure  92.      Upstream  face  of  dam  and  fishscreened  inlet  structure  at  Crane  Prairie  Dam  on  the  Deschutes  River  in  Oregon. 

Deschutes  93. 


19  show  typical  small  dams  constructed  by  the 
Bureau  of  Reclamation.  Crane  Prairie  Dam  was 
completed  in  1940.  It  has  a  height  of  31  feet  and 
contains  29,700  cubic  yards.  Crescent  Lake  Dam 
was  completed  in  1956.  It  has  a  height  of  22 
feet  and  contains  16,800  cubic  yards.  Maximum 
sections  of  these  dams  are  shown  in  figures  135 
and  136,  respectively. 

Figures  93  and  94  show  dams  constructed  by  the 
Bureau  of  Reclamation  which  are  at  the  upper 
limit  of  height  for  the  scope  of  this  text;  in  fact, 
Fruitgrowers  Dam  is  slightly  above  the  height 
limit.  It  has  a  maximum  height  of  55  feet  and 
a  volume  of  135,500  cubic  yards,  but  is  included 
herein  as  a  matter  of  interest.  Irrigation  at  this 
site  dates  back  to  1898;  the  dam  shown  here  was 
constructed  in  1939  downstream  from  the  original 
structure,  which  was  breached  in  June  1937  to 
forestall  failure.  A  maximum  section  of  Fruit- 
growers  Dam   is  shown   in   figure    139.     Shadow 


Mountain  Dam  is  a  50-foot-high  structure  contain- 
ing 168,000  cubic  yards  of  embankment,  com- 
pleted in  1946.  Its  maximum  section  is  shown 
in  figure  150. 

The  design  procedures  given  in  this  text  are  not 
sufficiently  detailed  to  permit  their  sole  use  for  the 
design  of  small  dams  where  exceedingly  soft  or 
exceedingly  pervious  foundations  are  involved, 
nor  where  the  nature  of  the  only  soil  available  for 
construction  of  the  embankment  is  unusual.  In 
this  category  are  soils  of  high  plasticity,  low  maxi- 
mum density,  or  very  high  natural  water  content 
which  cannot  be  reduced  by  drainage.  These 
conditions  require  the  services  of  an  engineer 
specializing  in  earthfill  dam  design  to  direct  the 
investigations,  to  determine  the  laboratory  testing 
program,  to  interpret  the  laboratory  test  results, 
and  to  supervise  the  preparation  of  the  design  and 
specifications. 

120.   Selection    of    Type    of    Earthfill    Dam. — (a) 
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Figure  93.      Fruitgrowers  Dam,  an  earthfill  storage  dam  at  an  offstream  location  in  Colorado.      Woshington  Olfice  39. 


General.  The  selection  <>f  type  <>f  dam  (earthfill, 
rockfill,  concrete  gravity,  or  combination  of  these 
typee  is  discussed  in  chapter  III.  When  this 
procedure  I  rails  to  the  selection  of  an  earl  lifill  dam, 

a  further  decision  must  be  made  us  to  the  type  ol 
earthfill  (him. 

The  scope  of  this  text  includes  only  the  rolled- 
fill  type  of  earthfill  dam.  In  this  type  the  major 
portion  of  the  embankment  is  constructed  in  suc- 
cessive,  mechanically  compacted  layers.  The 
material    from    borrow    pits   and    that    which    is 

Suitable  from  excavations  for  other  structures  is 
delivered  to  the  emhankinent.  usually  by  trucks 
OF  Scrapers  It  is  then  spread  by  motor-patrols  or 
bulldozers  and  sprinkled,  if  necessary,  to  form 
layers  of  limited  thickness  having  the  proper 
moisture  content,  which  are  then  thoroughly  com- 
pacted and  bonded  with  the  preceding  layer  by 
means  of  power-operated  rollers  of  proper  design 

and  weight.      Rolled-fill  dams  are  of  three  types; 

namely,  diaphragm,  homogeneous,  and  zoned 
b    Diaphragm   Type.     In  this  type  of  section 

the  hulk  of  the  emhankinent  is  constructed  of 
pervious  material  (sand,  gravel,  or  rock  i  and  a 
thin  diaphragm  of  impermeable  material  is  pro- 
vided  to  form   the  water  barrier      The  position 


of  this  diaphragm  may  vary  from  a  blanket  on  the 
upstream  face  to  a  central  vertical  core.  The 
diaphragm  may  consist  of  earth,  portland  cement 
concrete,  bituminous  concrete,  or  other  material 
If  the-  blanket  or  core  is  of  earth,  it  is  considered 
to  be  a  "diaphragm"  if  its  horizontal  thickness  at 
any  elevation  is  less  than  10  feet  or  less  than  the 
height  of  embankment  above  any  corresponding 
elevation  in  the  dam.  If  the  impervious  earth 
zone  equals  or  exceeds  t  hese  thicknesses,  the  design 
is  considered  to  be  of  the  "zoned  embankment" 
type. 

If  the  bulk  of  material  comprising  the  diaphragm 
type  dam  is  rock,  the  dam  is  classified  as  a  rockfill 
dam.  The  design  of  rockfill  dams  is  discussed  in 
chapter  VI. 

Although  successful  dams  have  been  con- 
structed with  internal  or  "buried"  diaphragms, 
this  type  of  construction  is  not  recommended 
for  BtrUCtureS  within  the  scope  of  this  text.  The 
construction  of  an  internal  diaphragm  of  earth 
wnh  the  necessar}  filters  requires  a  higher  degree 

of  precision  and  closer  control  than  it  is  feasible 
to  obtain  for  -mall  dam-  Internal  diaphragms 
of  rigid  material  BUch  a-  concrete  also  have  the 
disadvantage   of    not    being   readily    available    for 
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Figure  94.     Shadow  Mountain  Dam,  an  earthfill  structuie  on  the  Colorado  River  in  Colorado,  constructed  as  part  of  a  large 

transmountain  diversion  scheme.     SM-1  75-CBT. 


inspection  or  emergency  repair  if  they  are  rup- 
tured due  to  settlement  of  the  dam  or  its 
foundation. 

An  earth  blanket  on  the  upstream  slope  of  an 
otherwise  pervious  dam  also  is  not  recommended 
because  of  the  expense  and  the  difficulty  of  con- 
struction of  suitable  filters.  Furthermore,  the 
earth  blanket  must  be  protected  from  erosion  by 
wave  action,  so  it  is  buried  and  not  readily  avail- 
able for  inspection  or  repair.  If  the  supply  of 
impervious  soil  is  so  limited  that  the  "zoned 
embankment"  type  of  dam  cannot  be  constructed, 
a  diaphragm  of  manufactured  material  placed  on 
the  upstream  slope  of  an  otherwise  pervious  em- 
bankment is  recommended  for  small  dams.  The 
design  of  suitable  impervious  pavings  is  discussed 
in  chapter  VI. 

(c)  Homogeneous  Type. — A  purely  homogeneous 
type  of  dam  is  composed  of  a  single  kind  of  ma- 
terial (exclusive  of  the  slope  protection).  The 
material  comprising  the  dam  must  be  sufficiently 


impervious  to  provide  an  adequate  water  barrier 
and  the  slopes  must  be  relatively  flat  for  stability. 
To  avoid  sloughing,  the  upstream  slope  must  be 
relatively  flat  if  rapid  drawdown  of  the  reservoir 
after  long-term  storage  is  anticipated.  The  down- 
stream slope  must  be  relatively  flat  to  provide  a 
slope  sufficiently  stable  to  resist  sloughing  when 
saturated  to  a  high  level.  For  a  completely  homo- 
geneous section  it  is  inevitable  that  seepage  will 
emerge  on  the  downstream  slope  regardless  of  its 
flatness  and  the  impermeability  of  the  soil,  if  the 
reservoir  level  is  maintained  for  a  sufficiently  long 
time.  The  downstream  slope  eventually  will  be 
affected  by  seepage  to  a  height  of  roughly  one- 
third  the  depth  of  the  reservoir  pool  [4],  as  shown 
in  figure  95. 

Although  formerly  very  common  in  the  design 
of  small  dams,  the  purely  homogeneous  section  has 
been  replaced  by  a  modified  homogeneous  section 
in  whicli  small  amounts  of  carefully  placed  per- 
vious materials  control  the  action  of  seepage  so  as 
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„--'Upper  limit  of  seepage 


**_--  -Approx.  — 


-  Impervious   foundation . 

Figure  95.      Completely  homoseneous  dam. 


to  permil  much  steeper  Blopee.  The  effecl  of 
drainage  at  the  downstream  toe  of  the  embank- 
ment is  shown  in  figure  96. 

Rock  toes  of  appreciable  size  may  be  provided 
drainage,  as  shown  in  figure  96  V  or,  if  suit- 
ably graded  materials  are  available,  the  filter 
drain  shown  in  figure  96  B  ma)  be  used,  Another 
method  of  providing  drainage  which  has  been  used 
i-  the  installation  of  pipe  drains.  These  arc 
recommended  for  small  dams  only  when  used  in 
conjunction  with  filter  drains  or  pervious  zones. 
Reliance  should  not  be  placed  solely  upon  pipe 
drains  because  of  the  possibility  of  the  pipe  be- 
coming clogged  n>  the  result  of  improper  filters, 
root  growl  h,  or  deterioration. 

Because    the    modification    of   the    homogeneous 

type  of  section  by  means  of  drainage  furnishes  a 
itly   improved  design,  the  fully  homogeneous 

ion  should  not  hi'  used  for  storage  dams; 
drainage     should     always     he     provided     when     a 

•voir  pool  will  he  maintained  for  an  appre- 
ciate length  of  time.  A  homogeneous  for  modi- 
fied-homogeneous)  type  of  dam  is  applicable  in 
localities  where  readily  available  soils  show  little 
variation  in  permeability  and  soils  of  contrasting 
permeabilities  are  available  only  in  minor  amounts 
or  at  considerably  greater  cost 

Zoned  Embankment  Type. — The  most  com- 
mon type  of  a  rolled  earthfill  dam  section  is  that 
in  which  a  central  impervious  cote  is  flanked 
by  zones  of  materials  considerably  more  per- 
vious, '['he  pervious  zones  enclose,  support, 
and  protect  the  impervious  core;  the  upstream 
pervious  /.one  affords  stability  againsl  rapid  draw- 
down; and  the  downstream  pervious  zone  acts  B£ 
a  drain   to  control   the  line  of  seepage.      For  most 

effective  control  of  through  seepage  and  drawdown 

page,    the   section   should    show,    to    the   extent 

feasible,   a    progressive   increase   in    permeability 

from  the  center  out  toward  each  slope. 


The  pervious  zones  maj  consist  of  sand,  gravel, 

cobbles,  or  rock,  or  mixtures  of"  these  material- 
For  purposes  of  this  text,  the  dam  is  considered 
to  be  a  zoned  embankment  if  the  horizontal  width 
of  the  impel  vious  zone  at  any  elevation  equals  or 
eeds  the  height  of  embankment  above  that 
elevation  in  the  dam,  and  is  not  less  than  10  feet. 
The  maximum  width  of  the  impervious  zone  will 
be  controlled  by  stability  and  seepage  criteria  and 
bv  the  availability  of  material.     A  dam  with  an 
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IB)    WITH    FILTER    DRAIN 

Figure  96.      Modified  homogeneous  dam. 

impervious  core  of  moderate  width  composed  of 
strong  material  and  with  pervious  outer  shells 
may  have  relatively  steep  outer  slopes,  limited 
only  by  the  Btrength  of  the  foundation,  the  sta- 
bility of  the  embankment  itself,  and  maintenance 
considerations.  Conditions  that  tend  to  incn 
stability  may  be  decisive  in  the  choice  of  a  section 
even  if  a  longer  haul  1-  necessary  t<>  obtain  re- 
quired embankment  materia 

1 1  ma  v  lie  -aid  that  if  a  vanet  v  of  soils  are  readilv 
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available,  the  choice  of  type  of  eartlifi.il  dam  should 
always  be  the  zoned  embankment  type  because  its 


inherent  advantages  will  lead  to  economies  in  cost 
of  construction. 


B.    DESIGN  PRINCIPLES 


121.  Design  Data. — The  data  required  for  the 
design  of  an  earthfill  dam  are  discussed  in  chapter 
I,  and  chapter  IV  describes  the  investigation  of 
foundations  and  sources  of  construction  materials. 
The  required  detail  and  accuracy  of  the  data  will 
be  governed  by  the  nature  of  the  project  and  the 
immediate  purpose  of  the  design;  that  is,  whether 
the  design  is  intended  as  a  basis  for  a  cost  estimate 
to  determine  project  feasibility,  whether  the  design 
is  for  the  purpose  of  construction,  or  whether  some 
intermediate  purpose  is  to  be  served.  The  extent 
of  investigations  of  foundations  and  sources  of  con- 
struction material  will  also  be  governed  by  the 
complexity  of  the  situation. 

122.  Criteria  for  Design. — The  basic  principle  of 
design  is  to  produce  a  satisfactory  functional  struc- 
ture at  a  minimum  total  cost.  Consideration  must 
be  given  to  maintenance  requirements  so  that 
economies  achieved  in  the  initial  cost  of  construc- 
tion will  not  result  in  excessive  maintenance  costs. 
The  latter  costs  will  vary  with  the  provisions  of  up- 
stream and  downstream  slope  protection,  drainage 
features,  and  the  type  of  appurtenant  structures 
and  mechanical  equipment.  For  minimum  cost, 
the  dam  must  be  designed  for  maximum  utilization 
of  the  most  economical  materials  available,  in- 
cluding material  which  must  be  excavated  for  its 
foundations  and  for  appurtenant  structures. 

An  earthfill  dam  must  be  safe  and  stable  during 
all  phases  of  construction  and  operation  of  the 
reservoir.  To  accomplish  this,  the  following  cri- 
teria must  be  met: 

(1)  The  embankment  must  be  safe  against 
overtopping  during  occurrence  of  the  inflow 
design  flood  by  the  provision  of  sufficient  spill- 
way and  outlet  works  capacity. 


(2)  The  slopes  of  the  embankment  must  be 
stable  during  construction  and  under  all  con- 
ditions of  reservoir  operation,  including  rapid 
drawdown  of  the  reservoir  in  the  case  of  stor- 
age dams. 

(3)  The  embankment  must  be  designed  so 
as  not  to  impose  excessive  stresses  upon  the 
foundation. 

(4)  Seepage  flow  through  the  embankment, 
foundation,  and  abutments  must  be  controlled 
so  that  no  internal  erosion  takes  place  and  so 
there  is  no  sloughing  in  the  area  where  the 
seepage  emerges.  The  amount  of  water  lost 
through  seepage  must  be  controlled  so  that  it 
does  not  interfere  with  planned  project  func- 
tions. 

(5)  The  embankment  must  be  safe  against 
overtopping  by  wave  action. 

(6)  The  upstream  slope  must  be  protected 
against  erosion  by  wave  action,  and  the  crest 
and  downstream  slope  must  be  protected 
against  erosion  due  to  wand  and  rain. 

An  earthfill  dam  designed  to  meet  the  above  cri- 
teria will  prove  permanently  safe  provided  proper 
construction  methods  and  control  are  achieved. 
The  design  procedure  to  meet  the  requirements  of 
criterion  (1)  above  is  discussed  in  chapter  VIII. 
Methods  for  satisfying  other  criteria  for  earthfill 
dams  subject  to  the  limitations  in  scope  described 
in  section  119  will  be  discussed  herein.  The  ap- 
plicability of  the  procedures  to  a  specific  case  will 
depend  upon  the  purpose  of  the  design,  the  size 
and  importance  of  the  structure,  and  the  complex- 
ity of  the  problems. 


C    FOUNDATION  DESIGN 


123.  General. — The  term  "foundation"  as  used 
herein  includes  both  the  valley  floor  and  the  abut- 
ments. The  essential  requirements  of  a  founda- 
tion for  an  earthfill  dam  are  that  it  provide  stable 


support  for  the  embankment  under  all  conditions 
of  saturation  and  loading  and  that  it  provide 
sufficient  resistance  to  seepage  to  prevent  ex- 
cessive loss  of  water. 
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Although  the  foundation  is  nol  actually  de- 
signed, certain  provisions  for  treatmenl  are  made 
in  designs  to  assure  tluit  the  essential  require- 
ments will  be  imt  No  two  foundations  are  ax 
ncily  alike;  each  foundation  presents  it-  own 
separate  and  distinct  problems  requiring  cor- 
responding Bpecial  treatmenl  and  preparation. 
Various  methods  <>f  stabilization  of  weak  founda- 
tions, reduction  <>f  seepage  in  permeable  founda- 
tions, and  types  and  locations  of  devices  fur  the 
interception  of  underseepage  must  depend  upon, 

and  be  adapted  to  local  conditions. 

Theoretical  solutions  based  on  principles  of 
soil  mechanics  can  be  made  for  problems  involving 
pervious  or  weak  foundation-.  Most  of  these 
solutions  are  relatively  complex  and  they  may  be 
relied  upon  onlj  to  the  degree  Unit  the  actual 
permeabilities  in  various  directions  or  the  strengl  h 
of  the  foundation  can  be  determined  by  expensive, 
detailed  field  and  laboratory  testing.  Ordinarily, 
extensive  exploration  of  this  nature  and  complex 
theoretical  designs  are  not  required  for  the  small 
dams  which  are  discussed  in  this  text.  For  these 
structures  n  is  usuallj  more  economical  to  design 
foundations  on  the  basis  of  judgment,  deliberately 
striving  for  substantial  factors  of  safety.  The 
savings  in  construction  cost  that  can  be  achieved 
by  more  precise  design  ordinarily  do  not  warrant 
the  cosl  of  additional  exploration,  testing,  and 
engineering  involved.  There  are  foundations, 
however,  where  conditions  are  unusual  to  the  ex- 
tent that  judgment  cannot  he  relied  upon  to  pro- 
duce a  design  with  an  adequate  factor  of  safety. 
Such  conditions  require  the  services  of  an  engineer 
specializing  in  the  field  of  earthfill  dam  design 
and  are  beyond  the  scope  of  this  text. 

Because  different  types  of  treatment  are  appro- 
priate for  different  conditions,  foundations  are 
grouped  into  three  main  classes  according  to  their 
predominant  characteristics 

Foundations  of  rock. 

Foundations  of  coarse-grained  material  (sand 
and  gravel 

Foundations  of  fine-grained  material  (silt  and 
cla\ 

It  is  realized  that  foundations  which  originate 
from  various  sources  Buch  as  river  alluvium,  glacial 
outwash,  talus,  and  other  processes  of  erosion,  dis- 
integration, and  deposition  are  characterized  by 
infinite  variation-  in  the  combinations,  structural 
arrangement,  and  physical  characteristics  of  their 


Constituent      material-.      The     deposits      may      be 

roughly  stratified,  containing  layers  of  clay,  silt. 

line  sand  and  gravel;  or  they  may  consist  of 
lenticular    masses    of    the    Mine    material    without 

any  regularity  of  occurrence  and  of  varying  extent 

and  thickness.  In  spite  of  tins,  the  character  of 
the  foundation,  as  revealed  In  exploration,  usually 
can  he  safely  generalized  for  the  design  of  small 
dams  to  fit  one  of  the  classes  given  above,  and  the 
nature  of  the  problem  requiring  treatment  will 
be     evident.      Ordinarily,      pervious     foundations 

present  no  difficulties  in  the  matter  of  settlement 

or  stability  for  a  small  dam  ;  conversely  .  problems 
of  8eepage  are  not  associated  with  weak  founda- 
tions subject   to  settlement  or  displacement. 

The  special  treatments  required  for  the  different 
types  of  foundations  listed  above  are  discussed  in 
this  chapter.  If  the  foundation  material  is  im- 
pervious and  comparable  to  the  compacted  em- 
bankment material  in  structural  characteristics, 
little  foundation  treatment  will  be  required.  77" 
minimum  treatment  for  any  foundation  is  stripping 
of  the  foundation  area  to  remove  sod.  topsoil  with 
high  content  of  organic  matter,  and  other  unsuit- 
able material  that  can  be  disposed  of  by  open  exca- 
vation. In  many  cases  where  the  overburden  is 
comparatively  shallow,  the  entire  foundation  is 
stripped  to  bedrock.  In  all  Boil  foundations  in 
which  a  cutoff  trench  or  partial  cutoff  trench  {see  •-,,-. 
126)  'is  not  used,  a  "key"  trench  should  be  provided 
to  bond  the  impervious  zone  of  the  embankment  to 
the  foundation.  The  top  several  feet  of  the  soil 
foundation,  which  invariably  lacks  the  density  of 
the  underlying  soil  due  to  frost  action,  surface  run- 
off, wind,  or  other  cause,  should  be  penetrated  by 
the  key  trench.  A  hot  torn  width  of  20  feet  for  the 
key  trench  is  usually  sufficient. 

The  foundation  at  any  one  particular  site  usually 
consists  of  a  combination  of  the  various  classes 
For  example,  the  stream  portion  often  is  a  Band- 
gravel  foundation,  while  the  abutments  are  rock 
which  is  exposed  on  the  steep  slope-  and  mantled 
by  deep  deposits  of  clay  or  -ill  on  the  gentle  slope-. 
Therefore,  the  design  of  any  one  dam  may  involve 
a  variety  of  foundation  design  problems 

124.  Rock  Foundations.  Foundations  of  rock,  in- 
cluding hard  shale,  do  not  present  any  problem  of 
bearing  Btrength  for  a  -mall  earthfill  dam.  The 
principal  consideration-  are  dangerous,  erosive 
leakage  and  the  excessive  loss  of  water  through 
joint-,   fissures,   crevices,   permeable  strata,   and 
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along  fault  planes.  Ordinarily,  the  design  and 
estimate  for  a  storage  dam  should  provide  for  the 
injection  of  grout  under  pressure  to  seal  seams, 
joints,  and  other  openings  in  the  bedrock  to  a  depth 
equal  to  the  reservoir  head  above  the  surface  of  the 
bedrock.  Grouting  is  usually  done  with  neat 
cement  and  water  starting  with  a  ratio  of  1 :  5.  If 
considerable  "take"  in  any  one  hole  is  experienced, 
the  grout  mixture  is  thickened  progressively  until 
a  ratio  of  1:1  is  obtained.  Admixtures,  such  as 
sand  or  clay,  are  added  if  large  voids  are  en- 
countered. For  small  dams,  a  single  line  of  grout 
holes  is  sufficient.  Grouting  of  rock  foundations 
ordinarily  will  not  be  required  for  detention  dams, 
very  small  diversion  and  storage  dams,  or  where 
preconstruction  exploration  has  demonstrated  that 
there  are  no  openings  in  the  bedrock. 

Very  often  the  bedrock  is  found  to  be  badly 
jointed  or  broken  for  some  depth  below  its  surface. 
In  such  instances,  a  concrete  grout,  cap  may  be 
needed  to  facilitate  grouting.  The  grout  cap  is 
usually  a  concrete-filled  trench  excavated  a  mini- 
mum of  3  feet  and  a  maximum  of  8  feet  in  the  bed- 
rock, depending  on  conditions.  The  trench  is 
usually  made  a  minimum  width  of  3  feet  to  facili- 
tate construction.  The  grout  cap  performs  sev- 
eral functions:  (1)  It  provides  anchorage  for  the 
pipe  nipple  to  which  the  grout  pump  is  connected; 

(2)  it  cuts  off  seepage  in  the  upper  portion  of  the 
bedrock  which  cannot  be  successfully  grouted;  and 

(3)  it  provides  weight  so  that  higher  grouting 
pressures  may  be  used  at  shallow  depths.  Exca- 
vation for  the  grout  cap  must  be  carefully  per- 
formed so  that  the  rock  is  not  shattered. 

Typical  specifications  for  the  performance  of 
grouting  and  for  the  excavation  for  the  grout  cap 
are  included  in  appendix  G.  However,  if  an  ex- 
tensive grouting  program  is  required  in  the  con- 
struction of  a  dam,  consulting  advice  should  be 
obtained  from  an  engineer  experienced  in  this  type 
of  work.  For  additional  information  on  the  sub- 
ject of  grouting,  including  the  experiences  of  the 
Bureau  of  Reclamation,  the  U.S.  Corps  of  Engi- 
neers, and  the  Tennessee  Valley  Authority,  refer 
to  the  American  Society  of  Civil  Engineers'  papers 
which  comprise  the  "Symposium  on  Cement  and 
Clay  Grouting  of  Foundations"  [5]. 

Concrete  cutoff  walls  were  formerly  provided 
for  even  small  dams  to  intercept  seepage  along 
the  contact  of  the  embankment  with  the  rock 
foundation.     These  walls  are  expensive  and   are 
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ordinarily  not  required  for  small  earthfill  dams 
of  the  type  recommended  in  this  text,  provided 
that  care  is  taken  to  obtain  an  intimate  contact 
between  the  impervious  portion  of  the  dam  and 
the  abutments.  In  unusual  cases  where  the  bed- 
rock is  very  smooth,  a  cutoff  wall  may  be  war- 
ranted. All  loose  and  overhanging  rock  must  be 
removed  from  the  abutments  and  the  slopes 
should  be  flattened  to  1  to  1.  Where  this  is  not 
practicable,  a  short  section  of  cutoff  concrete  wall 
5  feet  high  should  be  provided. 

If  the  bedrock  is  a  shale  which  air  slakes,  it 
may  be  necessary  to  excavate  several  feet  into 
bedrock  to  remove  the  surface  disintegration  just 
prior  to  placement  of  the  embankment;  otherwise 
excavation  into  the  bedrock  (other  than  for  a 
grout  cap)  is  seldom  required.  A  sample  specifica- 
tions for  construction  on  a  shale  foundation  subject 
to  slaking  is  included  in  appendix  G. 

In  most  instances,  bedrock  is  mantled  by  over- 
burden of  various  types  and  thicknesses.  The 
foundation  design  then  depends  on  the  nature 
and  depth  of  the  overburden,  as  described  in 
succeeding  sections.  The  above  discussion  is 
applicable  not  only  to  exposed  rock  foundations, 
but  also  to  bedrock  which  is  reached  by  trenching 
through  the  overburden. 

125.  Characteristics  of  Sand  and  Gravel  Founda- 
tions.—  (a)  General. — Often  the  foundations  for 
dams  consist  of  recent  alluvial  deposits  composed 
of  relatively  pervious  sands  and  gravels  overlying 
impervious  geological  formations.  The  pervious 
materials  may  range  from  fine  sand  to  openwork 
gravels,  but  more  often  the}'  consist  of  stratified 
heterogeneous  mixtures. 

Two  basic  problems  are  found  in  pervious  foun- 
dations; one  pertains  to  the  amount  of  under- 
seepage, and  the  other  is  concerned  with  the 
forces  exerted  by  the  seepage.  The  type  and 
extent  of  treatment  justified  to  decrease  the 
amount  of  seepage  will  be  determined  by  the 
purpose  of  the  dam,  the  streamflow  yield  in  rela- 
tion to  the  reservoir  conservation  capacity,  and 
the  necessity  for  making  constant  reservoir  re- 
leases to  serve  senior  water  rights  or  to  maintain 
a  live  stream  for  fish,  etc.  Loss  of  water  through 
underseepage  may  be  of  economic  concern  for 
a  storage  dam  but  of  little  consequence  for  a 
detention  dam.  Economic  studies  of  the  value 
of  the  water  and  the  cost  of  limiting  the  amount 
of  underseepage  are  required  in  some  instances  to 
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determine  the  extenl  of  treatment  On  the  other 
band,  adequate  measures  must  be  taken  to  insure 
the  aafet}  of  the  dam  against  failure  due  to  piping, 
rdless  <>i'  the  economic  value  <>f  the  Beepage 
\  special  problem  ma\  exisl  in  foundations 
which  are  inherently  unstable  because  thej  consist 
of  clean  saturated  sand  usually  fine  mid  uniform  I 
of  \ri\  low  density.  The  potential  instability  is 
paused  b\  the  loose  structure  oi  the  sand  which 
is  Bubjecl  to  collapse  under  the  action  of  a  dynamic 
load  Although  the  loose  -and  max  Bupport  small 
static  loads  through  point-to-point  contact  «»f 
the  sand  grains,  a  vibration  or  shock  may  cause 
readjustment  of  the  grains  into  s  more  dense 
structure  with  a  squeezing  out  of  water  from  the 
pores  Smee  drainage  cannot  take  place  in- 
stantaneously, pint  of  ttie  static  load  formerly 
earned  l>\  the  sand  grains  is  transferred  tempo- 

rarih  to  the  water,  and  the  foundation  behaves 
a-  a  liquid. 

Foundations  consisting  of  cohesionless  sand  of 
low  density  are  suspect,  and  special  investigations 
should  l>e  made  to  determine  required  remedial 
treatment  if  the  relative  density  of  the  foundation 
i-  less  than  .")D  percent.  The  approximate  magni- 
tude of  the  relative  density  of  a  cohesionless  sand 
foundation  can  he  determined  from  the  results  of 
standard  penet  ration  tests  described  in  section  10:$. 
The  Dumber  of  blows  per  foot  i<  related  to  the 
relative  density,  hut  is  affected  by  the  depth  of 
the  test  and  to  some  extent  by  the  location  of  the 

water  table.  The  following  tabulation  gives  aver- 
hl'i'  standard  penetration  resistance  values  for  50 
percent  relative  density  irrespective  of  the  water 

table,  based  on  research  by  the  Bureau  of  Reclama- 
tion [6]. 
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Special  studies  in  tria.xial  shear  on  undisturbed 
sample-  ma\  be  required  for  foundation-  of 
cohesionless  sand  that  are  indicated  to  he  below 
50  percent  relative  density.  Such  studies  arc 
beyond  the  Bcope  of  this  text,  and  the  advice  of 

specialists  in  dam  design  should   he  obtained. 


I.  Amount  of  Uruleraeepagt  To  estimate  the 
volume  of  underseepage  which  ma\  be  expected, 
it  is  necessarj  to  determine  the  coefficient  of 
permeability  of  the  pervious  foundation  This 
coefficient  is  a  function  of  the  Bize  and  gradation 
of  the  coarse  particle-,  the  amount  of  fines,  and 
the    density    of    the    mixture      Three    general 

thods    are    used    in    the    determination    of    the 

coefficient    of    permeability    of    foundations: 

Pumping-OUl  tests  in  which  water  i-  pumped  from 
a  well  at  a  constant  rate  and  the  drawdown  of  the 
water  table  observed  in  wells  placed  on  radial 
lines  at  various  distances  from  the  pumped  well; 
(2i  te-t-  conducted  by  observation  of  the  velocity 
of  flow  a-  measured  by  the  rate  of  travel  of  a  dye 
or  electrolyte   from    the   point    of   injection    to   an 

observation    well;  and    (3)   pumping-in    tests   in 

which  water  is  pumped  into  a  drill  hole  or  te-t  pit 
and  the  rate  of  Beepage  observed  under  a  given 
head. 
The  pumping-oilt  tests  are  relatively  high  in 
i  and  the  iv-ult-  are  difficult  to  interpret.  The 
rate-of-travel  method  is  subject  to  the  same 
limitations.  The  pumping-in  tests  are  economical 
for  use  in  design  of  small  dam-  because  they  can 

he  accomplished  in  conjunction  with  the  u-ual 
exploratory  drilling;  however,  the  results  can  he 
considered  as  approximations  only.  Another  ad- 
vantage to  the  pumping-in  tests  in  drill  hole-  l- 
that  the  permeability  of  various  layers  may  he 
tested  rather  than  only  the  overall  permeability. 
Pumping-in  tests  in  drill  holes  are  discussed  in 
chapter  IV. 

Upon  determination  of  the  coefficient  of  perme- 
ability of  the  foundation,  a  rough  approximation 
of  the  amount  of  underseepage  may  he  made  by 
use  of  the  Darcy  formula: 

q=l;a  (d 

where: 

Q= discharge  in  given  unit  of  time, 
&= coefficient  of  permeability  for  the  founda- 
tion, i.e.,  discharge  through  a  unit  area 
at  unit  hydraulic  gradient, 

i = hydraulic  gradient  =y 

difference  in  head         . 
length  of  path 
.1      gross   area   of   foundation   through   which 
How  takes  place 


1  : 
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The   underseepage   for  the   example  shown   in 
figure  97  is  as  follows: 

£=25,000  feet  per  year 

25,000 


-Reservoir  water  surface 


60X60X24X365 

=  0.00079  foot  per  second 

h  =  elevation  210  — elevation  175  =  35  feet 
Z=165  feet 


'4=I=0212 


Depth  of  foundation, 
e?=elevation  170  — elevation  100  =  70  feet. 

For  a  width  of  1  foot,  .4=70  x  1  =  70  square  feet. 
Q  per  foot  of  width  =  0. 00079  x  0.212  x  70  =  0.012 
second-feet. 

For  a  foundation  width  of  100  feet,  Q=l.2 
second-feet;  for  a  foundation  width  of  1,000  feet, 
Q=\2  second-feet. 

The  accuracy  of  the  amount  of  underseepage  as 
determined  by  the  Darcy  formula  depends  on  the 
homogeneity  of  the  foundation  and  the  accuracy 
with  which  the  coefficient  of  permeability  is  de- 
termined. The  results  should  be  considered  as  an 
indication  only  of  the  order  of  magnitude  of  seep- 
age in  evaluation  of  water  loss  from  a  project  use 
viewpoint. 

If  the  foundation  is  stratified  (as  is  usually  the 
case),  the  vertical  permeability  will  be  much  less 
than  the  horizontal  permeability,  and  permeable 
layers  at  depth  will  not  be  fully  effective  in  trans- 
mitting underseepage.  The  quantity  of  seepage 
as  determined  by  equation  (1)  will  be  liberal  if  an 
average  coefficient  of  permeability  of  the  various 
layers,  obtained  by  weighting  each  coefficient  by 
the  thickness  of  the  layer,  is  used  in  the  com- 
putations. 


-Sand-gravel  foundation 
Averoge  k=    25,OOOft/yr 


-  Impervious    foundotic 
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Figure  97.     Computation  of  seepage  by  Darcy 's  formula. 


Figure  98.     Seepage  force  components. 

(c)  Seepage  Forces. — The  flow  of  water  through 
a  pervious  foundation  produces  seepage  forces  as 
a  result  of  the  friction  between  the  percolating 
water  and  the  walls  of  the  pores  of  the  soil  through 
which  it  flows,  similar  to  the  friction  developed  by 
the  flow  of  water  through  a  pipe.  Figure  98 
shows  the  path  of  one  filament  of  seepage  flow 
through  a  pervious  foundation  of  a  dam.  The 
water  percolating  downward  at  the  upstream  toe 
of  the  dam  increases  the  submerged  weight,  W„  of 
the  soil  by  the  initial  seepage  force,  Fx,  with  the 
resultant  effective  weight  of  Rx.  As  the  water 
continues  on  the  seepage  path,  it  continues  to 
exert  seepage  forces  in  the  direction  of  flow  which 
are  proportional  to  the  friction  loss  per  unit  of 
distance.  When  the  cross-sectional  area  through 
which  flow  takes  place  is  restricted,  as  under  the 
dam,  the  velocity  of  the  seepage  for  a  given  flow 
is  increased.  The  increase  in  velocity  is  accom- 
panied by  an  increase  in  friction  loss,  and  the 
seepage  force  is  correspondingly  increased.  This 
increase  is  represented  in  figure  98  by  the  larger 
vectors  for  F2  and  F3  as  compared  with  Fi  and  F4. 
As  the  water  percolates  upward  at  the  downstream 
toe  of  the  dam,  the  seepage  force  tends  to  lift  the 
soil,  reducing  the  effective  weight  to  Rt.  If  FA 
exceeded  W„  the  resultant  would  be  acting  up- 
ward and  the  soil  would  be  floated  out.  The 
erosion  would  progress  backwards  along  the  flow 
line  until  a  "pipe"  would  be  formed  to  the  reser- 
voir, allowing  rapid  escape  of  reservoir  storage  and 
subsequent  failure  of  the  dam. 

Experience  has  shown  that  this  action  can  be 
slow  and  accumulative  and  the  resulting  failure 
can  be  a  sudden  upheaval  of  the  foundation  at  the 
downstream  toe  of  the  dam.  Some  engineers  [7] 
refer  to  this  type  of  piping  failure  as  "failure  by 
heave."  Others  [8]  describe  this  type  of  piping 
failure  as  "blowouts."     It  does  not  follow  that 
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piping  will  always  result  in  a  heave  or  blowout 
type  of  failure.  If  the  foundation  soil  is  non- 
uniform, the  fine  material  may  be  cairied  away, 
lea\  ing  tlif  coarse  material  behind,  thus  tending  to 
produce  a  reverse  filter  which  will  prevent  further 
piping.  Inasmuch  a>  it  is  difficult  to  determine 
w  hetliei  piping  will  result  in  failure  or  will  produce 
an  eventual  stabilization  in  any  specific  case,  it  is 
advisable  to  design  the  structure  so  that  piping 
w  ill  not  occur. 

The  magnitude  of  the  Beepage  forces  throughout 

the  foundation  and  at  the  downstream  toe  of  the 
dam  where  piping  must  begin  depends  on  the  rate 
of  head  loss  of  the  percolating  water.  Relatively 
impervious  foundations  or  pervious  foundations 
with   adequate  CUtofl  trenches  are  not   susceptible 

to  piping  because  impervious  soil  offers  so  much 
resistance  to  the  flow  of  water  that  the  reservoir 
head  is  largely  dissipated  in  overcoming  friction 
before  the  downstream  toe  of  the  dam  is  reached; 
w  hereas  pervious  foundations  (either  homogeneous 
or  -t  rat  died  I  may  permit  percolation  to  reach  the 
downstream  toe  of  the  dam  without  a  substantial 

loss  of  head  due  to  friction.      In  such  instances  the 

designs  must  he  investigated  to  insure  that  Beepage 
forces  at  the  downstream  toe  will  not  result  in 
blowouts. 

Another  type  of  piping  failure  is  due  to  internal 
erosion  that  starts  in  springs  near  the  downstream 
toe  and  proceeds  upstream  along  the  base  of  the 
dam,  the  walls  of  a  conduit,  a  bedding  plane  in  the 
foundation,  an  especially  pervious  stratum,  or 
other  weakness  winch  permits  a  concentration 
of  Beepage  to  reach  the  area  downstream  from  the 
dam  without  high  friction  losses.  This  type  of 
failure  is  termed  by  some  engineers  [7]  as  "failure 
by  Bubsurface  erosion." 

The  magnitude  and  distribution  of  seepage 
forces  in  the  foundation  can  be  obtained  from 
the  flow  net.  which  is  a  graphical  representation  of 
the  paths  of  percolation  and  lines  of  equal  poten- 
tial (pressure  plus  elevation  above  a  datum)  in 
Bubsurface  How.  It  consists  of  flow  lines  and  equi- 
potential  lines  superimposed  upon  a  cross  section 
of  the  soil  through  which  How  i>  taking  plan  . 
Although  the  two  families  of  curves  may  in  simple 
cases  be  derived  mathematically,  the  graphical 
solution  is  more  commonly  used.  The  method  of 
drawing  and  applying  the  flow  net  to  the  solution 
of  problems  involving  subsurface  flow  is  given  in 
many  publications  [9,  10,  11). 


The  analysis  of  Beepage  pressures  and  the  safety 
of  ( he  foundation  against  piping  by  the  How  net 

method  has  some  -mou-.  limitations  It  takes 
Considerable  experience  to  draw  an  accurate  How 
net,  especially  where  foundation-,  are  -(ratified 
and    where  drains  oi    partial   CUtoffs  are   installed. 

For  strata  and  lenses  of  different  permeability,  the 
magnitudes   of    the    permeability    coefficient    for 

each  layer  and  in  different  directions  are  required. 

Furthermore,  the  How  net  method  of  analysis  is 

applicable  only  to  the  determination  of  the  safety 
against  blowout  piping  which,  theoretically,  18 
virtually  independent  of  the  grain  size  of  the 
foundation  soil  and  should  occur  upon  first  lilling 
of  the  reservoir.  Experience,  however,  has  shown 
that  the  grain  size  and  gradation  of  the  foundation 
material  do  have  an  important  bearing  on  piping 
failures  and  that  piping  failures  often  take  place 
after  the  dam  has  been  in  service  for  some  time. 
Therefore,  it  appears  that  many  failures  due  to 
piping  are  of  the  subsurface  erosion  type  as  a 
result  of  seepage  following  minor  geological  weak- 
ness. This  type  of  failure  cannot  be  analyzed  by 
How   nets  or  other  theoretical  methods. 

For  the  above  reasons  and  because  of  the  lack 
of  detailed  foundation  exploration  which  would 
make  such  an  analysis  meaningful,  the  construction 
of  flow  nets  is  not  required  for  the  design  of  founda- 
tions for  small  dams.  The  foundation  designs 
given  in  the  remainder  of  this  chapter  are  bused 
upon  the  same  theoretical  principles  which  are  used 
in  the  design  of  major  structures,  but  the  pro- 
cedures have  been  simplified  so  they  may  be 
applied  to  the  design  of  small  dams  by  those  who 
are  not  specialists  in  the  field  of  soil  mechanics. 

126.  Methods  of  Treatment  of  Sand  and  Gravel 
Foundations. —  (a)  General.- — Various  methods  of 
seepage  and  percolation  control  can  be  used,  de- 
pending on  the  requirements  for  preventing  un- 
economical loss  of  water  and  the  nature  of  the 
foundation  as  regards  stability  from  Beepage  forces. 
Cutoff  trenches,  sheet  piling,  mixed-in-placc  con- 
crete pile  curtains,  or  combinations  of  these  meth- 
ods have  been  used  to  reduce  the  flow  and  to  con- 
trol Beepage  forces  Blankets  of  impervious  ma- 
terial, extending  upstream  from  the  toe  of  the  dam 
and  possibly  covering  nil  or  part  of  the  abutments, 
are  frequently  used  for  the  same  purpose.  Hori- 
zontal drainage  *  blankets  may  be  incorporated  in 
the  downstream  toe  of  a  dam  or  used  to  blanket 
the  area  immediatelv  downstream   from  the  toe  of 
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the  dam  through  which  percolating  water  may 
escape  under  an  appreciable  head.  The  purpose 
of  these  blankets  is  to  permit  free  flow  and  dissipa- 
tion of  pressure  without  disruption  of  the  founda- 
tion structure  and  loss  of  tine  soil  particles.  Drain- 
age wells  are  devices  used  to  relieve  pressure  in 
pervious  layers  which  are  covered  by  impervious 
strata  to  prevent  blowouts  downstream  from  the 
dam. 

The  details  of  these  various  devices  together 
with  an  appraisal  regarding  their  effectiveness  are 
contained  in  the  remainder  of  this  section.  The 
application  of  the  various  devices  to  the  design  of 
pervious  foundations  is  included  in  section   127. 

(b)  Cutoff  Trenches.- — These  may  be  classified 
into  two  general  types:  sloping-side  trenches  and 
vertical-side  trenches.  Sloping-side  cutoff  trenches 
are  excavated  by  shovels,  draglines,  or  scrapers  and 
are  backfilled  with  impervious  materials  which  are 
compacted  in  the  same  manner  as  the  impervious 
zone  of  the  embankment.  Vertical-side  trenches 
are  also  used  as  cutoffs  and  may  be  excavated  in 
open  cut  by  hand  or  trenching  machine,  or  by 
stoping  where  it  is  necessary  to  remove  and  replace 
breccia  or  debris  in  fault  zones.  Ordinarily, 
vertical-side  trenches  are  not  economical  because 
of  the  cost  of  the  hand  labor  involved  in  placing 
and  compacting  the  backfill  material. 

The  cutoff  trench  should  be  located  well  up- 
stream from  the  centerline  of  the  dam,  but  not 
beyond  a  point  where  the  cover  of  impervious  em- 
bankment above  the  trench  will  fail  to  provide 
resistance  to  percolation  at  least  equal  to  that 
offered  by  the  trench  itself.  The  centerline  of  this 
trench  should  be  kept  parallel  to  the  centerline  of 
the  dam  across  the  canyon  bottom  or  valley  floor, 
but  it  should  converge  toward  the  centerline  of  the 
dam  as  it  is  carried  up  the  abutments  in  order  to 
maintain  the  required  embankment  cover. 

Whenever  economically  possible,  seepage  through  a 
pervious  foundation  should  be  cut  off  by  a  trench  ex- 
tending to  bedrock  or  other  impervious  stratum.  This 
is  the  most  positive  means  of  controlling  the 
amount  of  seepage  and  insuring  that  no  difnculty 
will  be  encountered  by  piping  through  the  founda- 
tion or  by  uplift  pressures  at  the  downstream  toe. 

Figure  99  shows  the  cutoff  trench  excavation  at 
the  left  abutment  of  Shadow  Mountain  Dam. 
The  designed  width  and  depth  of  the  cutoff  trench 
were  15  and  27  feet,  respectively.  The  completed 
dam  is  shown  in  figure  94,  and  the  maximum  sec- 


tion is  shown  in  figure  150.  Figure  100  shows  a 
portion  of  the  cutoff  trench  for  Dickinson  Dam, 
constructed  by  the  Bureau  of  Reclamation,  prior 
to  final  cleanup.  A  maximum  section  of  this  dam 
is  shown  in  figure  137.  The  cutoff  trench  for 
Dickinson  Dam  was  about  20  feet  deep  and  2,000 
feet  long,  and  had  a  bottom  width  of  40  feet.  The 
piping  shown  in  the  photograph  is  part  of  the  well- 
point  unwatering  system.  The  placing  of  com- 
pacted till  in  the  cutoff  trench  is  visible  in  the  mid- 
dle background  of  the  picture. 

In  order  to  provide  a  sufficient  thickness  of 
impermeable  material  and  an  adequate  contact 
with  the  rock  or  other  impervious  foundation 
stratum,  the  bottom  width  of  the  cutoff  trench 
should  increase  with  an  increase  in  reservoir  head. 
However,  the  cutoff  trench  bottom  width  may  be 
decreased  as  the  depth  of  the  trench  increases,  be- 
cause the  seepage  force  at  the  foundation  contact 
will  decrease  due  to  loss  of  head  in  traveling 
vertically  through  the  foundation  as  the  depth 
increases.  An  adequate  width  of  cutoff  trench 
for  a  small  dam  may  be  determined  by  the  formula: 

w=h-d  (2) 

where : 

w=bottom  width  of  cutoff  trench, 
h  =  reservoir  head  above  ground  surface,  and 
c?  =  depth  of  cutoff  trench  excavation  below 
ground  surface. 

A  minimum  bottom  width  of  20  feet  should  be 
provided  so  that  excavating  and  compacting 
equipment  ma}*  operate  efficiently  in  trenches 
which,  if  below  the  water  table,  must  be  unwatered 
by  well  points  or  sump  pumps. 

(c)  Partial  Cutoff  Trenches.— The  Darcy  formula 
for  seepage,  equation  (1),  indicates  that  the 
amount  of  seepage  is  directly  proportional  to  the 
cross- sectional  area  of  the  foundation.  It  may  be 
concluded  from  this  that  the  amount  of  seepage 
could  be  reduced  50  percent  by  extending  the  im- 
pervious zone  in  figure  97  into  the  ground  so  that 
the  depth  of  the  pervious  foundation  is  reduced 
from  70  to  35  feet;  however,  this  is  not  the  case. 
The  action  of  a  partial  cutoff  is  similar  to  that  of 
an  obstruction  in  a  pipe — the  flow  is  reduced  be- 
cause of  the  loss  of  head  due  to  the  obstruction,  but 
the  reduction  in  flow  is  not  directly  proportional 
to  the  reduction  in  the  area  of  the  pipe.  Experi- 
ments by  Turnbull  and  by  Creager  on  homo- 
geneous isotropic  pervious  foundations  have  dem- 
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Figure  99.      Cutoff  trench  excavation  at  left  abutment  of  Shadow  Mountain  Dam,  a  structure  on  the  Colorado  River  in  Colorado. 

SM-53-CBT. 


onstrated  that  a  cutoff  extending  50  percent  of  the 
distance  to  the  impervious  stratum  will  reduce  the 
by  only  •-'.">  percent;  an  80  percent  cutoff 
penetration    is    required    to    reduce    the    seep.i 
50  percent  [12]. 

A  partial  cutoff  trench  may  he  effective  in 
a  stratified  foundation  by  intercepting  the  more 
pervious  layers  in  the  foundation  and  by  sub- 
stantially increasing  the  vertical  path  the  seepage 
must  take.  Reliance  cannot  he  placed  upon  a 
partial  cutoff  trench  in  this  situation  unless  ex- 
tensive subsurface  exploration  has  verified  that 
the  more  impervious  layers  are  continuous. 
Pervious  foundations  also  may  consist  of  an  im- 
pervious foundation  stratum  of  considerable  thick- 
ness sandwiched  between  upper  and  lower  pervious 
layers,  and  a  partial  cutoff  extending  to  the  im- 
pervious layer  would  cut  off  only  the  upper  pervi- 
ous layer.     This  would  be  effective  if  the  thickiu 9 

of  the  impervious  and   upper  pervious  layers  are 
sufficient  to  resist  the  pressures  existing 


in  the  lower  pervious  layers  in  the  vicinity  of  the 
downstream  toe  so  that  blowouts  do  not  occur. 

(d)  Sheet  Piling  Cutoffs. — Sheet  piling  is  oc- 
casionally used  in  combination  with  a  partial 
cutoff  trench  as  a  comparatively  economical 
means  of  increasing  the  depth  of  the  cutoff,  and 
under  certain  conditions  it  may  be  used  in  lieu 
of  a  cutoff  trench.  With  few  exceptions  such 
piling  should  be  of  steel,  because  of  its  high 
strength.  Sheet  piling  cutoffs  are  practically 
limited  to  use  in  foundations  of  silt,  sand,  and  fine 
gravel.  Where  cobbles  or  boulders  are  present,  or 
where  the  material  is  highly  resistant  to  penetra- 
tion, driving  or  jetting  not  only  becomes  difficult 
and  COStly,  but  it  is  highly  doubtful  that  an  effec- 
tive cutoff  can  be  obtained  owing  to  the  tendency 
of  the  piling  to  wander  and  become  damaged  by 
bicaks  in  the  interlocks  or  tearing  of  the  steel 
A  heavy  structural  section  with  strong  interlocks 
should  be  used  if  the  foundation  contains  gravel. 

It  is  not  practicable  to  drive  sheet  piling  so  that 
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it  is  watertight.  Under  the  best  conditions, 
including  the  use  of  compound  to  seal  the  inter- 
locks and  good  contact  of  the  bottom  of  the  piling 
with  an  impervious  foundation,  it  can  be  expected 
that  the  piling  will  be  80  to  90  percent  effective 
in  preventing  seepage.  With  poor  workmanship, 
or  if  the  piles  cannot  be  seated  in  an  impervious 
stratum,  they  will  not  be  more  than  50  percent 
effective. 


s 


Ik 


Figure  100.  Portion  of  cutoff  trench  excavation  for  Dickinson 
Dam,  a  small  earth f i 1 1  structure  on  the  Heart  River  in  North 
Dakota.     HD-P-182. 

(e)  Cement-Bound  Curtain  Cutoff. — The  mixed- 
in-place  cement-bound  curtain  is  a  relative!}"  new 
development  which  gives  promise  as  an  economical 
means  of  establishing  a  cutoff  (or  partial  cutoff)  in 
pervious  foundations  which  do  not  contain  large 
cobbles  and  boulders.  It  has  been  used  recently 
(1957)  in  the  construction  of  two  Bureau  of  Recla- 
mation dams,  Slaterville  Diversion  Dam  near 
Ogden,  Utah,  and  Putah  Diversion  Dam  near 
Sacramento,  Calif.  Although  at  this  time  (1958) 
there  has  not  been  sufficient  time  to  evaluate  com- 
pletely the  results  for  these  two  dams,  indications 


are  that  satisfactory  cutoffs  have  been  obtained  by 
this  method.  Sample  specifications  under  which 
this  work  was  performed  are  given  in  appendix  G. 

The  process  consists  of  pumping  grout  through 
a  hollow  rotating  drill  rod  on  the  end  of  which  is  a 
mixing  head.  The  mixing  head  has  vanes  which 
mix  the  foundation  material  with  the  grout  as 
the  head  is  forced  down  through  it ;  grout  is  pumped 
on  both  the  downward  and  upward  travel  to 
assure  thorough  mixing.  The  result  is  the  forma- 
tion of  a  cylindrical  element  of  cement-bound 
sand  and  gravel.  Successive  overlapping  elements 
are  similarly  constructed  to  form  a  continuous 
curtain  [13]. 

Patents  on  the  methods  and  some  of  the  ma- 
terials used  in  the  construction  of  the  mixed-in- 
place  cement-bound  curtain  are  held  by  the  In- 
trusion-Prepakt  Co.,  Cleveland,  Ohio.  According 
to  their  literature,  the  following  depths  have  been 
attained  with  presently  available  equipment: 

Depth, 
Diameter  of  element,  inches:  /«< 

12 58 

18 50 

24 30 

An  overlapping  of  18-inch-diameter  elements  will 
readily  yield  a  12-inch-thick  curtain,  which  is  the 
minimum  thickness  recommended  for  cutoff 
purposes. 

(f )  Grouting. — Various  materials  have  been  used 
in  attempts  to  develop  grouting  procedures  which 
will  improve  the  stability  and  impermeabdity  of 
pervious  foundations  by  injecting  a  substance 
which  will  act  as  a  binder  and  fill  the  voids. 
Among  these  materials  have  been  cement,  asphalt, 
clay,  and  various  chemicals.  Cement  grouting 
cannot  be  successfully  used  in  fine  granular  ma- 
terials because  of  the  comparatively  large  particle 
size  of  the  cement  which  limits  the  penetration. 
Asphalt  grouting  is  partially  limited  by  the  particle 
size.  Clay  grouting  is  of  doubtful  value  because 
the  clay  is  easily  carried  away  by  seepage  forces. 

Chemical  grouting  has  the  advantage  of  having 
about  the  same  viscosity  as  water  and,  therefore, 
it  can  be  injected  into  pervious  soils.  The  most 
common  method  involves  the  use  of  sodium  silicate 
and  a  reagent  such  as  calcium  chloride.  These 
two  chemicals,  when  mixed  in  the  ground,  precipi- 
tate and  form  an  insoluble  solid  gel. 

Chemical  grouting  is  a  costly  process;  the  in- 
jection techniques  are  complex;  and  the  selection 
of  the  grout  and  appropriate  techniques  requires 
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considerable  t  i « - 1 « i  exploration  and  laboratory  and 
field  testing.  Furthermore,  the  results  of  the  in- 
jection process  are  difficult  to  evaluate  For  these 
reasons,  chemical  grouting  is  not  considered  i"  be 
un  appropriate  treatment  for  the  foundations  <»f 
small  dams  within  the  Bcope  of  this  texl  For 
additional  information  on  this  Bubject,  the  reader 
is  referred  to  the  paper,  "Progress  Report  of  the 
Task  <  'on  unit  tii'  on  Chemical  Grouting"  I  i-i|  and 
tt>  the  excellent  bibliographj  contained  therein. 
Upstream  Blankets.  The  path  of  percola- 
tion in  pervious  foundations  can  be  increased  by 
the  construction  of  a  blanket  <»f  impervious  ma- 
terial connecting  with  the  impervious  zone  <>f  the 
dam  and  extending  upstream  from  the  toe.  Blan- 
kets arc  usual]}  used  when  cutoffs  to  Wedlock  or  to 

an  impervious  layer  arc  not  practicable  because  of 

axce&sive  depth;  they  arc  also  used  iii  conjunction 
with  partial  cutoff  trenches.      The  topography  just 

upstream  from  the  dam  and  the  availability  of 
impervious  materials  are  important  factors  in 
deciding  on  the  use  of  blankets.  The  blanket  may 
he  required  only  in  the  stream  channel  which  has 
been  eroded  down  to  sand  and  gravel,  hut  it  may 
be  required  on  portions  of  the  abutments  as  well. 
Figures  KM  and  102  show  such  an  abutment 
blanket  which  was  constructed  during  the  rehabili- 


tation of  Ochoco  Dam  by  the  Bureau  of  Reclama- 
tion in  1949  The  purpose  of  this  blanket  was  to 
reduce  the  seepage  through  the  landslide  debris 
which  forms  the  right  abutment.  It  was  success- 
ful in  that  it  reduced  the  seepage  at  full  reservoir 
level  from  _>s.  to  12  Becond-feet 

'The  blanket  was  made  contiguous  with  the  im- 
pervious /one  of  the  dam  and  it  extends  about  MX) 
feet  upstream.  The  abutment  was  dressed  smooth 
to  receive  the  blanket,  which  extends  from  the 
reservoir  Boor  to  an  elevation  .1:5  feel  above.     The 

blanket  was  constructed  .">  feet  thick  normal  to  the 
approximate  :*  to  1  abutment  slope,  and  is  pro- 
tected from  erosion  by  2  feet  of  riprap  on  12  inches 

of  bedding.     Figure  101  shows  theearthfill  blanket 

complete  and   the  beginning  of  riprap  placement 

Figure  102  Bhows  a  general  view-  of  the  upstream 

face  of  the  dam  and  the  right  abutment  blanket 
completed. 

Areas  of  the  foundation  which  are  covered  by  a 
natural  blanket  should  be  stripped  of  trees  and 
other  vegetation;  defective  places  should  be  re- 
paired; and  the  entire  surface  of  the  natural  blan- 
ket should  be  rolled  to  seal  root  holes  and  other 
openings.  The  stripping  of  a  natural  blanket  up- 
stream from  the  dam  to  secure  impervious  soil  for 
the  construction  of  the  dam  should   be  avoided 


Figure   101.      Right  abutment  blanket  construction  at  Ochoco  Dam,  on  a  tributary  of  the  Crooked  River  in  Oregon.      Ochoco  51. 
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Figure  102.     Upstream  slope  of  Ochoco  Dam.     Ochoco  72. 


when  a  positive  cutoff  is  not  provided  in  the  design. 

Although  blankets  may  be  designed  by  theoreti- 
cal means  [15],  a  simplified  approach  may  be  used 
for  small  dams.  A  suitable  thickness  for  small 
dams  is  10  percent  of  the  depth  of  the  reservoir 
above  the  blanket,  with  a  minimum  blanket  thick- 
ness of  3  feet.  These  thicknesses  are  for  blankets 
made  from  materials  which  are  suitable  for  the 
construction  of  the  impervious  zone  of  an  earthfill 
dam  and  similarly  compacted. 

The  length  of  the  blanket  will  be  governed  by 
the  desired  reduction  in  the  amount  of  under- 
seepage.  From  an  examination  of  equation  (1) 
and  figure  97  it  is  apparent  that  the  amount  of 
seepage  is  inversely  proportional  to  the  length  of 
path  (for  homogeneous  isotropic  foundations). 
The  blanket  should  be  extended  so  that  the  com- 
puted seepage  loss  is  reduced  to  the  amount  that 
can  be  tolerated  from  a  project  use  standpoint. 

An  upstream  blanket  should  not  be  relied  upon 
to  reduce  the  seepage  forces  in  the  foundation  to 
the  point  that  piping  failures  are  precluded. 
Although  theoretically  an  upstream  blanket  would 
accomplish  this  purpose  in  a  homogeneous  founda- 
tion, the  natural  stratification  that  occurs  in 
almost  every  alluvial  foundation  makes  it  possible 


for  high  pressures  to  exist  in  one  or  more  strata 
of  the  foundation  at  the  downstream  toe  of  the 
dam.  Horizontal  drainage  blankets  or  pressure 
relief  devices  (drains  or  wells)  should  always  be 
provided  for  a  dam  on  a  previous  foundation 
when  a  complete  cutoff  trench  cannot  be  secured. 

(h)  Horizontal  Drainage  Blankets  and  Filters. — 
The  purpose  of  a  horizontal  drainage  blanket  is  to 
permit  the  discharge  of  seepage  and  to  minimize 
the  possibility  of  piping  failures,  either  of  the 
blowout  or  subsurface  erosion  type.  It  accom- 
plishes this  purpose  by  providing  weight  over 
that  portion  of  the  foundation  downstream  from 
the  impervious  zone  of  the  dam  where  high 
upward  seepage  forces  exist.  The  blanket  must 
be  pervious  so  that  drainage  will  be  accomplished, 
and  it  must  be  designed  to  prevent  movement  of 
particles  of  the  foundation  or  embankment  by 
seepage  discharges. 

Horizontal  drainage  blankets  should  be  incor- 
porated in  the  design  of  all  small  dams  on  rela- 
tively homogeneous  pervious  foundations  where 
positive  cutoff  trenches  are  not  provided.  They 
ma}*  also  be  used  on  relatively  homogeneous 
pervious  foundations  which  are  overlain  by  thin 
impervious  layers;  the  blanket  will  supply  weight 
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ti>  stabilize  the  foundation  and  will  also  effectively 
relieve  pressures  thai  maj  break  through  the 
impervious  layer.  In  the  case  of  i  stratified 
pervious  foundation  without  a  cutoff  trench,  the 
horizontal  drainage  blanket's  effectiveness  would 
not  be  great  because  the  stratifications  hinder 
drainage  in  a  \  ertical  direction. 

Typical  horizontal  drainage  blankets  are  shown 
in  figure  103  For  each  case  illustrated,  the 
drainage  blanket  consists  of  a  sloping  berm  which 
f.u  econoni}  is  incorporated  within  the  down- 
streani  toe  >>f  the  embankment.  In  (A)  and  <  li • 
of  figure  103,  the  requirement  for  drainage  is  pro- 
vided l>\  the  overlying  pervious  zone;  in  (C  of 
tlmi  figure  the  embankment  is  homogeneous  and 
a  drainage  filter  is  necessary.  The  filter  shown 
also  serves  to  drain  the  embankment,  and  thus 
makes  the  dam  the  modified  homogeneous  type 
with  the  resultant  advantages  described  in  section 
120 

Figure  103  A  illustrates  the  recommended 
minimum  length  and  thickness  of  a  drainage 
blanket  for  a  zoned  embankment  having  a  "mini- 
mum" impervious  zone  for  a  dam  constructed  on 
a    pervious   foundation   without    a    positive   cutoff 

t  of  Dom-- 
10'  Min.-: 


trench.  (The  determination  of  this  "minimum" 
impervious    zone    is    given    in    section    1340 

ire  103(8    illustrates  the  recommended  design 
for  a  zoned  dam  with  an   impervious  core  hn 
than  minimum.     The  reverse  slope  of  the  impervi- 
ous section  is  a  device  used  to  minimize  the  length 
of    the    drainage    blanket.     The    reverse    slope 

facilitates  construction  of  the  pervious  zone  if 
material     is     obtained     from     the     cutoff     trench 

excavation,  and  reduces  the  amount  of  embank- 
ment. The  dashed  outline  indicate-  the  drainage 
blanket  that  would  he  required  if  the  reverse 
slope  were  not  used. 

The  required  Length  of  the  horizontal  drainage 
blanket  may  be  determined  theoretically  by 
means  of  the  (low  net  (sec.  L25  C  provided  the 
ratio  of  the  horizontal  to  the  vertical  permeability 
of  the  foundation  is  known,  by  means  of  the  proce- 
dure   known    a-    transformed    sections.      In    this 

method   a   drawing   is   made  showing  a   section 

through  the  dam  and  foundation  parallel  to  the 
direction  of  How.  The  horizontal  scale  of  tljc 
drawing  is  changed  by  a  factor  equal  to  the  Bquare 
root  of  the  ratio  of  the  vertical  to  the  horizontal 

permeabilities.      The  flow   net   is  developed  on  this 


Slope  vonoble 
2   1--. 


figure  103.      Horiiontol  drainage  blanket. 
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transformed  section  as  if  the  foundation  were 
isotropic.  After  the  flow  net  is  completed,  it  is 
transferred  to  the  original  section  drawn  without 
distortion.  This  in  effect  changes  the  "squares" 
of  the  flow  net  to  "parallelograms,"  the  horizontal 
dimensions  of  which  have  been  determined  by 
multiplying  the  dimensions  of  the  squares  by  the 
square  root  of  the  ratio  of  the  horizontal  to  the 
vertical  permeabilities.  This  method  of  dealing 
with  anisotropy  in  permeable  foundations  is  dis- 
cussed by  Terzaghi  and  Peck  [16].  This  method 
demonstrates  that  the  larger  the  ratio  of  horizontal 
to  vertical  permeabilities,  the  farther  the  seepage 
emerges  downstream  from  the  toe  of  the  impervious 
zone  of  the  dam  and  the  longer  the  required  drain- 
age blanket. 

Because  of  limitations  of  the  application  of  the 
flow  net  to  the  design  of  small  dams  with  relatively 
meager  foundation  exploration,  the  transformed 
flow  net  is  not  required  in  this  text  to  determine 
the  lengths  of  horizontal  drainage  blankets.  As 
a  basis  for  the  design  for  small  dams,  it  is  recom- 
mended that  the  length  of  the  blanket  be  made 
equal  to  three  times  the  height  of  the  dam,  as 
shown  on  figure  103. 

The  filter  shown  in  figure  103(C)  is  required 
to  provide  drainage.  It  must  be  of  such  grada- 
tion that  neither  foundation  nor  embankment 
material  particles  can  penetrate  and  clog  the  filter. 
The  filter  should  have  a  minimum  thickness  of 
3  feet  to  provide  an  unquestionable  capacity  to 
conduct  seepage  flows.  Multilayer  filters  should 
be  avoided,  where  possible,  because  of  the  added 
expense  of  such  construction. 

If  the  overlying  pervious  zones  in  (A)  and  (B) 
of  figure  103  are  sand-gravel  similar  in  gradation 
to  the  sand-gravel  of  the  foundation,  there  is  no 
danger  of  flushing  of  particles  of  the  foundation 
into  the  embankment,  and  no  special  filters  are 
required.  If  these  zones  are  constructed  of  rock- 
fill,  a  filter  must  be  provided  so  that  the  finer 
foundation  material  is  not  carried  into  the  voids 
of  the  rockfill. 

If  sufficient  quantities  of  filter  material  are 
available  at  reasonable  cost,  it  usually  will  be 
found  economical  to  provide  thicker  layers  than 
described  above  rather  than  to  process  material 
to  meet  the  exact  requirements  for  thin  filter 
design,  as  subsequently  described.  The  thicker 
the  layer,  the  greater  the  permissible  deviation 
from  the  filter  requirements  given,  especially  in 


the  requirement  of  parallelism  of  gradation  curves 
between  filter  and  base. 

The  rational  approach  to  the  design  of  filters  is 
generally  credited  to  Terzaghi  [17].  Considerable 
experimentation  has  been  performed  by  the  Corps 
of  Engineers  [18]  and  the  Bureau  of  Reclamation 
[19].  Several  somewhat  different  sets  of  criteria 
are  given  by  these  authorities.  The  following 
limits  are  recommended  to  satisfy  filter  stability 
criteria  and  to  provide  ample  increase  in  permea- 
bility between  base  and  filter.  These  criteria  are 
satisfactory  for  use  with  natural  sand  and  gravel, 
or  with  crushed  rock,  and  for  "uniform"  or 
"graded"  filters: 


(1) 


Dl5  of  the  filter 
Dl5  of  base  material 


5    to  40,    provided 


(2) 


(3) 


that  the  filter  does  not  contain  more 
than  5  percent  of  material  finer  than 
0.074  mm.  (No.  200  sieve) 

As  of  the  filter 


A,  of  base  material 


5  or  less 


DM  of  the  filter 


Maximum  opening  of  pipe  drain 

=  2  or  more 


(4)  The  grain-size  curve  of  the  filter  should 
be  roughly  parallel  to  that  of  the  base 
material. 

In  the  foregoing  D1S  is  the  size  at  which  15 
percent  of  the  total  soil  particles  are  smaller; 
the  percentage  is  by  weight  as  determined  by 
mechanical  analysis.  The  Z)S5  size  is  that  at 
which  85  percent  of  the  total  soil  particles  are 
smaller.  If  more  than  one  filter  layer  is  required, 
the  same  criteria  are  followed;  the  finer  filter  is 
considered  as  the  "base  material"  for  selection 
of  the  gradation  of  the  coarser  filter. 

In  addition  to  the  limiting  ratios  established  for 
adequate  filter  design,  the  3-inch  particle  size 
should  be  the  maximum  utilized  in  a  filter  to 
minimize  segregation  and  bridging  of  large  parti- 
cles during  placement  of  filter  materials.  Also, 
in  designing  filters  for  base  materials  containing 
gravel  particles,  the  base  material  should  be 
analyzed  on  the  basis  of  the  gradation  of  the 
fraction  smaller  than  No.  4. 

It  is  important  to  compact  filter  material  to 
the  same  density  as  that  required  for  construction 
of  sand-gravel  zones  in  embankments,  as  given 
in   appendix  G.     Care  must   be  used  in   placing 
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Biter  materials  to  avoid  aggregation.  The  con- 
struction of  thin  filter  layers  requires  proper  plan- 
ning and  adequate  inspection  during  placement. 
The  following  is  an  example  (see  ii^r  104)  <>f  a 
typical  design  which  would  be  applicable  for  thin 
filters,  Buch  as  those  Bhown  around  the  pipe 
drains  in  figure  105. 
Qivt  a : 

Average    gradation    curve    <>f    foundation 

soil  shown  on  figure  104,  with  Du    0.006 i. 

and  D,     0  10  mm. 
Openings  in  drainpipe,  l  j  inch. 
/    find: 

Gradation  limits  of  filter  materials. 
Procedurt : 

(1)  Lower  limil  of  DHot  filter    5  •  0.006= 

ii  03  nun 

2    Upper  limit  of  /V.  of  filter    tiu  smaller 
Of    the    values:    40  •  0.006     0.24    mm.,    and 

5X0. 10  =  0. .')<)  nun.;  us,  0.84  """  ■ 

To  meet  conditions  (  1  )  and  (2 )  and  the  cri- 


terion of  parallelism,  a  -and  shown  as  /*',  in 

figure     10  1    was    selected.       For     /'',,     DU      0.14 

mm. and  /'.     2  i  nun     Tins  material  is  too 

fine   to    place    adjacent   to  a  pipe  with    J^-inch 

openings,  since  the  requirement  is  for  /•'..  of 
the  filter  to  be  al  leaal  '-'  '^  l  inch:  hence, 
a  second  filter  layer  <>f  gravel  or  crushed 
rock  is  required. 

(3)  Lower  limil  of  />, ,  of  gravel  is  5     nil 
=  0.70  nun. 

(4)  Upper  limit  of  Du  of  gravel     the  smaller 
of  the  values:  40  •  0.14     5.6  mm.,  and  5  •  i'.14 

=  10.7  nun. ;  us,  6.6  mm. 

Leas)    /'.    of  gravel=2XM=l   inch= 
25.4  mm. 

To   meet    conditions    (3),   (4),   and    (5)   and 
the  criterion  of  parallelism,  the  gravel  shown 

aS     l\     in   figure    104    «  as  -elected. 
The  lower  and  upper  limits  of  the  /■>,-,  for  /'  i  and 
for  /j  as  well  as  the  lower  limit   for  Du  for  /''.-  are 

show  n  on  figure  104. 
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Figure  104.      Typical  filter  design. 
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Selected    fine  rock-^ 
Stripping  line  —  -. 


-Rock  fill 


8"  Sewer  pipe  I  aid 


with  open   [oints---N—  '^.••Z\J{,JJ\i).- .y  y ,  ■». 

crushed  rock—  -''    '"  s.      * 


Graded  grovel  or 
rock--- 

6"Min- 


-Soil  foundation 
(A) 


"--Graded  sand 


Sand  and  grovel-^v 


Stripping  llne-_ 


^-Impervious   embankment 
if  r     „ 

'         s-24    Minimum 


Graded  grovel  or 

crushed  rock-"' 

6"  Min.-' 


o.Vo  .•'■y-  *%*-•' 

hi— sv" 
Perforated  asbesto? 
bonded   CM. P. 


—  Soil    foundation  ^-Graded  sand 

(B) 


Figure  105.     Typical  toe  drain  installations. 

(i)  Toe  Drains  and  Drainage  Trenches. — Toe 
drains  are  commonly  installed  along  the  down- 
stream toes  of  dams  in  conjunction  with  hori- 
zontal drainage  blankets  in  the  position  shown  in 
figure  103.  Beginning  with  smaller  diameter 
drains  laid  along  the  abutment  sections,  the 
drains  are  progressively  increased  in  size,  the  lines 
of  maximum  diameter  being  placed  across  the 
canyon  floor.  The  purpose  of  these  drains  is  to 
collect  the  seepage  discharging  from  the  horizontal 
drainage  blanket  and  lead  it  to  an  outfall  pipe 
which  discharges  into  the  spillway  stilling  basin  or 
into  the  river  channel  below  the  dam.  Pipes 
rather  than  french  drains  are  used  to  insure  ade- 
quate capacity  to  carry  seepage  flows.  Toe 
drains  are  also  used  on  impervious  foundations  to 
insure  that  any  seepage  that  may  come  through 
the  foundation  or  the  embankment  is  collected 
and  that  the  ground  water  is  kept  below  the 
surface  sufficiently  to  avoid  the  creation  of  un- 
sightly boggy  areas  below  the  dam. 

The  toe  drains  may  be  of  vitrified  clay  or  con- 
crete tile,  or  perforated  asphalt-dipped  corrugated 
metal  pipe.  The  drainpipes  are  placed  in  trenches 
at  a  sufficient  depth  below  the  ground  surface  to 
insure  effective  interception  of  the  seepage  flow. 
The  minimum  depth  of  the  trench  is  normally 
about  4  feet;  the  maximum  depth  is  that  required 
to  maintain  a  reasonably  uniform  gradient  though 


the  ground  surface  undulates.  The  bottom  width 
of  the  trench  is  2  to  3  feet,  depending  on  the  size 
of  the  drainpipe.  A  minimum  pipe  diameter  of 
6  inches  is  recommended  for  small  dams ;  diameters 
up  to  18  inches  may  be  required  for  long  reaches  at 
flat  gradients.  The  drainpipe  should  be  sur- 
rounded by  a  filter  to  prevent  clogging  of  the 
drains  by  inwash  of  fine  material  or  piping  of 
foundation  material  into  the  drainage  system. 
Two-layer  filters  are  often  required;  the  layer  in 
contact  with  the  pipe  must  be  of  sufficient  particle 
size  so  material  will  not  enter  or  clog  the  perfora- 
tions in  metal  pipe  or  the  joint  openings  in  clay  or 
concrete  tile.  The  design  of  filters  is  discussed 
in  the  previous  subsection.  Figure  105  shows 
typical  installations  of  toe  drains  in  Bureau  of 
Reclamation  dams. 

Toe  drains  may  be  installed  in  a  pervious  foun- 
dation overlain  by  an  impervious  layer  if  the 
impervious  layer  is  not  too  thick  to  be  penetrated 
by  an  open  trench.  Such  a  drain  is  normally 
called  a  drainage  trench  and  is  effective  in  re- 
lieving uplift  pressures  in  the  underlying  pervious 
stratum.  A  drainage  trench  usually  is  not  ef- 
fective if  the  underlying  pervious  foundation  is 
stratified,  as  it  will  relieve  uplift  pressures  only  in 
the  uppermost  pervious  stratum.  More  effective 
drainage  of  stratified  foundations  can  be  accom- 
plished by  pressure-relief  wells. 

(j)  Pressure- Relief  Wells. — In  a  great  number  of 
instances  of  low  dams  on  pervious  foundations 
overlain  by  an  impervious  stratum,  the  thickness 
of  the  top  impervious  layer  is  such  that  there  is  no 
danger  of  piping,  either  of  the  blowout  or  internal- 
erosion  type.  Theoretically,  piping  occurs  when 
the  fluid  (uplift)  pressure  at  a  point  at  some  level 
in  the  foundation  in  the  vicinity  of  the  downstream 
toe  reaches  the  pressure  exerted  by  the  combined 
weight  of  soil  and  water  above  it.  For  the  usual 
condition  of  tailwater  at  the  ground  surface,  the 
uplift  pressure  (in  feet  of  water)  at  the  point  in 
question  will  be  equal  to  the  depth,  d,  of  the  point 
below  ground  plus  the  reservoir  pressure  head 
minus  the  head  lost  in  seepage  through  the  founda- 
tion to  the  point.  The  pressure  exerted  by  the 
weight  of  soil  and  water  above  this  point  is  the 
saturated  unit  weight  of  soil  times  the  depth  to  the 
point.  If  the  thickness  of  the  impervious  layer  is 
equal  to  the  reservoir  head,  h,  the  uplift  pressure 
beneath  the  layer  cannot  exceed  the  weight  of  the 
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layer  This  is  so  because  the  saturated  weight  of 
soil  equals  approximately   twice   the  weight   of 

wnt it.  ii iul  for  f>  =d: 

(or  pressure  exerted  by  saturated  weights  uplift 
pressure 

Actually,  then'  is  always  appreciable  lose  of 
reservoir  head  because  of  -«•<■[ >iilt«-  friction;  hence 
the  value  //  in  the  right-hand  portion  of  equation 

-    too    large   and    the   Uplift    pressure   will   be 
Smaller  than  the  pressure  exerted  by  the  overlying 

it.      Therefore,    if    the    thickness    of    the    top 

impervious  stratum  is  equal  to  the  reservoir  head. 
it  may  he  considered  that  an  appreciable  factor  of 
safety  against  piping  is  assured.  In  this  situation 
no  further  treatment  <>f  the  foundation  is  required. 

However,   if  the   thickness  of  the   top  impervious 

stratum  is  less  than  the  reservoir  head,  some  pre- 
ventive treatment  is  recommended.  If  the  top 
impervious  Btratum  is  less  than  h  but  is  too  thick 
for  treatment  by  drainage  trenches,  or  if  the  per- 
vious foundation  is  stratified,  pressure  relief  wells 

are  required. 

The  primary  requirements  for  a  pressure  relief 
well  system  are: 

(1)  The  wells  should  extend  into  the  per- 
vious foundation  underlying  the  impervious 
top  layer  to  relieve  pressures  to  such  a  depth 
that  the  combined  thickness  of  the  impervious 
layer  and  drained  material  is  sufficient  to 
provide  stability  against  underlying  unre- 
lieved pressures.  Depths  of  wells  equal  to  the 
height  of  the  dam  will  usually  be  satisfactory. 

(2)  The  wells  must  be  spaced  sufficiently 
close  together  to  intercept  the  seepage  and 
reduce  uplift  pressures  between  wells  to  ac- 
ceptable limits. 

(3)  The  wells  must  offer  little  resistance  to 
infiltration  of  seepage  and  discharge  thereof. 

(4)  The  wells  must  be  designed  so  that  they 
will  not  become  ineffective  due  to  clogging 
or  corrosion. 

The  U.S.  Corps  of  Engineers  has  carried  out 
extensive  research  programs  on  the  design  and  in- 
stallation of  relief  wells.  Results  of  these  studies 
have  been  published  in  a  number  of  excellent 
papers  [20,  21,  22].  The  reader  is  advised  to  con- 
sult these  references  for  theoretical  design  methods. 

Well  spacing  usually  must  be  based  on  judgment 
because  of  the  lack  of  detailed  information  regard- 


ing the  foundations  of  small  dams  This  is  an  ac- 
ceptable procedure  provided  that  plans  are  made 
to  install  additional  wells  after  the  dam  is  con- 
structed at  the  first  -iLrn-  of  excessive  prossui 

When  the  pervious  strata  have  high  rates  of  per- 
meability, there  will  he  a  greater  quantity  of  w  a  lei 
at    the   downstream    toe   of   the   dam    than    if   the 

permeability    rate    were    lower.     Suggested    well 

spacing  is  '_'■">  feet  minimum  for  the  most  pervious 
foundations  to  100  feet  maximum  for  less  pervious 

foundations. 

Experiments  have  shown  that  the  well  diameter 
should  not  be  less  than  6  inches  so  that  there  will 
be  little  head  loss  for  infiltrating  seepage.  It  is 
recommended  that  a  minimum  thickness  of  6 
inches  of  filter  which  meets  the  criteria  previously 
established  (sec.  126(h))  be  provided  between  the 
well  screens  and  the  foundation,  and  that  the 
ratio  of  the  85  percent  size  of  the  filter  to  the 
screen  opening  be  greater  than  2.0. 

A  pressure  relief  well  which  meets  the  require- 
ments of  offering  little  resistance  to  infiltration  of 
seepage  and  the  discharge  thereof,  and  which  is 
constructed  of  relatively  inert  materials  has  been 
developed  by  the  Corps  of  Engineers  [22],  as 
shown  in  figure  106.  The  well  consists  of  a  screen 
section,  riser  pipe,  gravel  filter,  and  sand  backfill 
from  the  top  of  the  gravel  filter  to  an  elevation  10 
feet  below  finished  ground  surface.  The  screen 
and  riser  are  of  8-inch  wood  pipe.  The  screen  is 
perforated  with  slots  3i6  inch  wide  and  3!<  inches 
long,  and  the  bottom  of  the  well  screen  is  closed 
with  a  wood  plug.  The  top  of  the  well  is  pro- 
tected by  metal  guards.  One  of  the  best  methods 
developed  for  installing  such  a  well  is  the  "reverse 
rotary"  method  [22].  This  is  basically  a  suction 
dredging  method  in  which  the  material  in  the  hole 
is  removed  by  a  suction  pipe;  the  walls  of  the  hole 
are  supported  by  maintaining  a  head  of  water  in 
the  hole  several  feet  above  the  water  table. 

Another  method  of  installing  a  pressure  relief 
well  requires  sinking  a  casing  of  appropriate  size 
to  the  required  depth  and  washing  out  the  soil 
inside  the  casing.  The  assembled  well  pipe,  con- 
sisting of  the  screen  and  riser,  is  lowered  in  the 
casing  and  properly  alined.  The  filter  is  then 
placed  in  6-  to  8-inch  layers  and  the  casing  with- 
drawn a  like  amount.  This  process  is  repeated 
until  the  filter  is  several  feet  above  the  top  of  the 
screen  section.  Above  this  point,  impervious 
backfill  or  concrete  is  placed  to  prevent  leakage 


178 


DESIGN  OF  SMALL  DAMS 


Notural  ground 


.--Corrugated  metol  well  guard 

--Plastic  standpipe 

—  Check  volve 

..- Rubber  gasket 
•--Cost  iron  tenon 
Wire  mesh 


.  —  Concrete    bockfill 
.--Sand  backfill 
Jop  of  graved  f  ilter 
Top  of  well  screen 


.--Blank  pipe 

through  very  fine 
sand  stroto 


t, --Gravel  filter 


Note;  Not  to  scale 
After  Mansur   and    Kaufman 


Figure  106.     Pressure  relief  well  and  appurtenances. 

along  the  outside  of  the  pipe.  After  installation 
the  wells  should  be  cleaned  out  and  pumped  or 
surged  to  remove  any  fine  soil  immediately  ad- 
jacent. Pressure  relief  wells  should  be  inspected 
periodically  and  cleaned  by  surging,  if  necessary. 

Relief  wells,  like  other  drainage  systems,  have 
some  limitations.  Too  great  a  volume  of  seepage 
may  require  an  excessive  number  of  wells.  In 
such  cases  upstream  impervious  blanketing  of  the 
areas  which  provide  egress  of  reservoir  water  to  the 
pervious  layers  may  be  used  to  reduce  the  amount 
of  seepage. 

Because  the  design  and  installation  of  pressure 
relief  wells  demands  specialized  knowledge,  skill, 
and  the  highest  quality  of  construction  inspection 
to  insure  satisfactory  results,  and  because  such 
wells  also  require  postconstruction  supervision  and 
maintenance,  they  are  recommended  for  use  with 
small  dams  only  when  other  methods  of  seepage 
control  are  not  feasible. 

1  27.  Designs  for  Sand  and  Gravel  Foundations. — 
(a)  General.- — One  of  the  criteria  for  design  of 
earthfill  dams  given  in  section  122  requires  that 
the  flow  of  seepage  through  the  foundation  and 


abutments  be  controlled  so  that  no  internal  erosion 
takes  place  and  there  is  no  sloughing  in  the  area 
where  the  seepage  emerges.  The  criteria  also 
require  that  the  amount  of  water  lost  through 
seepage  be  controlled  so  that  it  does  not  interfere 
with  planned  project  functions.  Section  123  dis- 
cusses the  basis  used  for  designing  foundations  for 
small  dams,  which  requires  a  generalization  of  the 
nature  of  the  foundation  in  lieu  of  detailed  explo- 
rations and  the  establishment  of  design  procedures 
that  are  less  theoretical  than  those  used  for  major 
structures.  Section  123  also  cautions  against  the 
use  of  these  design  procedures  for  unusual  condi- 
tions where  procedures  based  largely  on  judgment 
and  experience  are  not  appropriate. 

The  purpose  of  this  section  is  to  show  the 
application  of  methods  of  foundation  treatment 
to  specific  instances.  For  purposes  of  discussion, 
pervious  foundations  are  divided  into  the  following 
cases : 

Case  1.  The  pervious  foundation  is  ex- 
posed. 

Case  2.  The  pervious  foundation  is  over- 
lain by  an  impervious  layer  which  may  vary 
in  thickness  from  a  few  feet  to  a  considerable 
depth. 

In  both  of  these  cases,  the  pervious  foundation 
may  be  relatively  homogeneous,  or  it  may  be 
strongly  stratified  with  less  pervious  layers  so  that 
the  horizontal  permeability  will  be  many  times 
greater  than  the  vertical  permeability.  Strati- 
fication may  influence  selection  of  the  appropriate 
foundation  treatment  method. 

The  selection  of  the  appropriate  foundation 
treatment  for  a  case  2  foundation  also  may  be 
influenced  by  the  thickness  of  the  impervious  top 
layer.  If  the  impervious  top  layer  is  only  a  few 
feet  thick,  it  may  be  assumed  that  it  will  be  largely 
ineffective  as  a  blanket  to  prevent  seepage  because 
thin  surface  strata  usually  lack  the  density  re- 
quired for  impermeability  and  because  they 
commonly  have  a  large  number  of  openings 
through  them.  Therefore,  a  very  thin  impervious 
top  layer  will  have  little  effect  on  the  foundation 
design.  If  the  thickness  of  the  overlying  impervi- 
ous layer  equals  or  exceeds  the  reservoir  head,  it 
may  be  considered  that  there  are  no  problems 
involved  so  far  as  seepage  or  seepage  forces  are 
concerned,  as  demonstrated  by  equation  (3). 
In  that  event  the  foundation  treatment  required 
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prill  be  dictated  l>\  the  nature  of  the  impervious 
layer,  as  regards  its  settlement  and  stability 
characteristics  The  designs  «>f  impervious  foun- 
dations of  silt  and  clay  arc  discussed  in  subsequent 
sections 


Table  12  is  a  summary  of  recommended  treat- 
ments for  various  pervious  foundation  conditions. 
Included  in  the  table  are  references  i<>  the  sections 
which  discuss  the  designs  of  the  various  devices 
for  control  of  seepage. 
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Depth.  The  foundation  treatment  for  this  | j  p,  of 
situation  is  shown  in  figure  1  < >7  A  A  cutoff 
trench  to  the  impervious  stratum  should  always  be 
provided  in  a  pervious  foundation  ol  shallow  depth 
because  it  is  the  most  positive  means  of  avoiding 
excessive  seepage  losses  and  avoiding  the  possibil- 
ity of  piping.  A  toe  drain  should  he  provided  for 
all  dams  on  pervious  foundation-.  If  the  down- 
stream portion  of  the  embankment  is  sand  and 
gravel  similar  in  gradation  to  the  foundation,  the 
filter  shown  would  not  he  required.     If  the  down- 


stream portion  of  the  embankment  is  rockfill,  the 
filter  should  extend  from  the  downstream  slope  of 
the  dam  to  the  impervious  /.one.  as  shown.  If  the 
embankment  is  homogeneous,  the  filter  should  l>c 
provided  for  the  reasons  given  in  section  120(c); 
however,  it  need  not  extend  upstream  beyond  a 
distance  of  :  •  .">  feet  from  the  centerline  of  the 
dam.   Section    134(d)    discusses    the   extent    of   the 

filter  required  for  a  homogeneous  embankment. 
(ci  Cast   I  Pervious  Foundation  oj  IniermediaU 

Depth.  The  treatment  for  this  foundation  situa- 
tion is  show  n  on  figure  107(B).     This  treatment  is 
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appropriate  when  the  depth  to  an  impervious  stra 
turn  is  too  greal   for  a  cutoff  trench  bul  ran  be 
reached  economically  l>>  Bheel  piling  or  a  cement- 
bound  curtain  cutoff.     The  minimum  impervious 

ie  for  a  zoned  embankmenl  constructed  on  a 

pervious  foundation  sliou  n  on  figure  L03(A    is  also 

the  minimum  that  can  be  used  with  this  design 

treatment. 

[f  the  downstream  portion  of  the  embankment  is 

d  and  gravel  similar  in  gradation  to  the  founda- 
tion, the  filter  shown  would  not  be  required;  how- 
ever, it  is  required  if  the  embankmenl  is  rockfill. 
If  the  embankment  is  homogeneous,  the  filter 
should  be  |>n>\  ided  for  the  reasons  given  in  section 
120,  and  ii  should  extend  from  the  downstream  toe 
of  the  dam  to  a  distance  of  .  5  feel  from  the 
centerline  of  the  dam.  See  section  134(d)  for  a 
discussion  of  the  filter  requirements  for  a  homo- 
geneous embankment.  'The  downstream  toe  of 
the  dam  will  to  some  extent  perform  the  function 
of  a  horizontal  drainage  blanket  should  the  sheet 
piling  or  cement-bound  curtain  cutoff  not  be 
completely  effective  in  reducing  uplift  pressures 
in  the  foundation 

If  the  foundation  is  stratified,  the  partial  cutoff 
trench  may  be  used  in  lieu  of  the  sheet  piling  or 
cement-bound  curtain  cutoff.  'The  partial  cutoff 
trench  is  effective  in  controlling  seepage  pressures 
onh  in  stratified  foundations  where  there  is  a 
marked  difference  in  the  permeability  of  the  per- 
vious and  relatively  impervious  layers.  However, 
the  relatively  impervious  layers  need  not  he  truly 
impervious.  Also,  the  partial  cutoff  trench  must 
extend  into  the  foundation  so  that  the  depth  to  the 
top  of  the  uppermost  pervious  layer  which  ia  nut 
cut  qffia  not  less  than  the  reservoir  head.     In  figure 

Reservoir  water  surface 


must  be  equal  to  or  greater  than  k.     (Nott 
that  <l  is  the  depth  to  the  uppermost  pervious  Layer 

which   ia   not    cut    off  and   is   not    the  depth  of  the 

partial  cutoff  trench .<  If  tins  requirement  is  met, 
the  foundation  will  be  Btable  against  seepage  pres- 
sures winch  may  exist  m  the  uppermost  pervious 
layer  which  is  not  cut  off  (refer  to  equation 

In  other  respects  the  foundation  treatment  shown 
on  figure   108  is  the  same  as  that  shown  on  figure 

107(B). 

,1    i  i/w  /  Pervious  Foundation  oj  Qreai  Depth, 

The  appropriate  treatment  for  a  pervious  founda- 
tion which  is  too  deep  to  permit  a  piling  or  curtain 
cutoff  is  show  n  in  figure  107(C).  The  upstream 
blanket  is  provided  if  required  to  reduce  the 
amount  of  seepage  loss  to  tolerable  limits.  If 
the  upstream  /.one  is  pervious,  the  blanket  should 
extend  under  the  upstream  toe  of  the  dam 
to  he  contiguous  with  the  impervious  core  The 
minimum  impervious  zone  for  a  zoned  embank- 
ment constructed  on  a  pervious  foundation  with- 
out a  positive  cutoff  or  a  larger  zone  must  he  used 
in  this  design  treatment. 

The  design  of  the  horizontal  drainage  blanket 
and  filter  is  shown  on  figure  103.  ("are  must  he 
taken  in  making  use  of  the  horizontal  drainage 
blanket  to  insure  that  an  adequate  thickm 
maintained  over  the  pervious  foundation  across 
the  valley  floor.  The  length  and  thickness  of 
the  blanket  based  on  the  maximum  section  of 
the  dam  may  not  he  adequate  for  a  section  away 
from  the  stream  channel  where  the  height  of 
dam  is  less.  Several  sections  should  he  taken 
along  the  centerline  of  the  embankment  to  deter- 
mine that  an  adequate  blankel  is  provided  for  the 
most  critical  section.  To  avoid  warping  of  the 
, --Downstream  slope  of 
minimum-size  core  li') 

-Pervious  or  impervious  zone 

, -Filter  if  overlying  zone 
is  impervious  or  rock  fill 


o  A 


-Strongly  stratified  pervious  foundation  with  very   pervious 
loyers(p)and  relatively   impervious(  i  )  layers 


Figure   108.      Alternative  treatment  of  case  1   pervious  foundations  of  intermediate  or  greater  depths,  if  strongly  stratified 
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downstream  slope,  the  blanket  slope  required  for 
the  most  critical  section  and  the  corresponding 
elevation  for  the  intersection  of  the  blanket  slope 
with  the  downstream  slope  of  the  dam  can  be 
maintained  across  the  valley  floor. 

If  the  foundation  is  stratified,  the  partial  cutoff 
trench  shown  in  figure  108  can  be  used,  as  dis- 
cussed in  the  preceding  subsection,  in  lieu  of  the 
horizontal  drainage  blanket. 

(e)  Case  2  Pervious  Foundation. — This  sub- 
section is  concerned  with  the  treatment  of  pervious 
foundations  which  are  overlain  by  an  impervious 
layer  more  than  a  few  feet  thick  but  of  a  thickness 
less  than  the  reservoir  head.  If  the  layer  is  less 
than  a  few  feet  (say  3  feet)  in  thickness,  its  effect 
may  be  ignored,  and  the  foundation  can  be  designed 
as  if  it  were  a  case  1  foundation.  If  the  layer 
thickness  is  greater  than  the  reservoir  head,  the 
foundation  treatment  required,  if  any,  is  virtually 
independent  of  the  underlying  pervious  foundation 
for  the  reason  expressed  previously  (refer  to 
equation  (3)). 

For  thicknesses  between  the  limits  stated  above, 
the  overlying  layer  may  perform  the  function  of  an 
upstream  blanket  so  that  seepage  losses  will  not 
be  excessive.  Provisions  must  be  made,  however, 
to  safeguard  against  or  relieve  the  seepage  pres- 
sures in  the  underlying  pervious  foundation ;  no 
natural  blanket  may  be  assumed  to  be  perfect  or 
so  extensive  as  to  prevent  seepage  or  to  cause  a 
substantial  loss  of  head  for  reservoir  water  enter- 
ing the  underlying  pervious  stratum. 

If  the  case  2  pervious  foundation  is  of  shallow  or 
intermediate  depth,  the  treatment  recommended 
for  corresponding  case  1  pervious  foundations,  as 
shown  on  figures  107(A),  107(B),  and  108  are 
appropriate.  The  treatment  for  a  case  2  pervious 
foundation  of  great  depth  depends  on  the  thick- 
ness of  the  overlying  impervious  layer  and  whether 
the  pervious  foundation  is  stratified.  Figure 
109(A)  shows  the  recommended  treatment  if  the 
top  impervious  layer  is  shallow  enough  to  be  pene- 
trated by  a  drainage  trench  and  if  the  underlying 
pervious  foundation  is  relatively  homogeneous. 
The  drainage  trench  would  not  be  effective  if  the 
pervious  foundation  were  stratified,  as  it  would 
relieve  pressures  only  in  the  uppermost  pervious 
layer. 

If  the  impervious  top  layer  is  too  thick  to  be 
penetrated  by  a  drainage  trench,  or  if  the  under- 
lying pervious  foundation  is  stratified,  the  recom- 
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mended  foundation  treatment  is  the  installation 
of  pressure  relief  wells,  as  shown  in  figure  109(B). 

The  filters  shown  in  figure  109  are  to  be  pro- 
vided only  to  modify  homogeneous  embankments 
or  embankments  which  otherwise  would  not  have 
drainage  extending  from  the  downstream  toe  of  the 
dam  to  within  a  distance  of  2  +  5  feet  of  the  center- 
line  of  the  dam. 

128.  Methods  of  Treatment  of  Silt  and  Clay  Foun- 
dations.— -(a)  General. — Foundations  of  fine- 
grained soils  are  sufficiently  impermeable  to 
preclude  the  necessity  of  providing  design  features 
for  underseepage  and  piping.  The  main  problem 
with  these  foundations  is  stability.  In  addition 
to  the  obvious  danger  of  bearing  failure  of  founda- 
tions of  saturated  silts  and  clays,  the  designs  must 
take  into  account  the  effect  of  saturation  of  the 
foundations  of  the  dam  and  appurtenant  works 
by  the  reservoir. 

Methods  of  foundation  treatment  are  based  on 
the  soil  type,  the  location  of  the  water  table,  and 
the  state  of  compactness  of  the  soil.  For  satu- 
rated foundations  of  fine-grained  soils  (including 
sands  containing  sufficient  fines  to  make  the 
material  impervious),  the  standard  penetration 
test  described  in  section  103  will  provide  an 
approximate  measure  of  their  state  of  compactness 
or  relative  consistency.  This  test  cannot  be 
relied  on,  however,  in  fine-grained  soils  above  the 
water  table,  especially  very  dry  soils  whose 
resistance  to  penetration  is  high  although  their 
density  is  low.  In  these  soils  the  state  of  com- 
pactness can  be  determined  by  density  inplace 
tests  described  in  section  114. 

(b)  Saturated  Foundations. — When  the  founda- 
tion of  an  earthfill  dam  consists  of  saturated  fine- 
grained soils  or  saturated  impervious  sands,  their 
ability  to  resist  the  shearing  stresses  imposed  by 
the  weight  of  the  embankment  may  be  determined 
by  their  soil  group  classification  and  their  relative 
consistency.  Soils  that  have  never  been  sub- 
jected to  geologic  loads  greater  than  the  existing 
overburden  are  "normally"  consolidated.  These 
soils  are  relatively  weak  as  compared  with  strata 
consolidated  by  hundreds  or  thousands  of  feet  of 
ice  or  soil  which  has  since  been  removed.  Old 
lake  deposits  which  have  experienced  cycles  of 
drying  and  submergence  often  exhibit  the  charac- 
teristics of  preconsolidated  soil  due  to  the  capillary 
forces  associated  with  the  shrinkage  phenomenon. 
Soils  which  have  been  preconsolidated  are  recog- 
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(B)      PRESSURE    RELIEF    WELL 

Figure  109.     Treatment  of  case  2  foundations  with  overlying  impervious  layer  of  thickness  more  than  3  feet  and  less  than 

reservoir  head. 


Qized  by  their  large  resistance  to  penetration. 
which  is  usually  more  than  20  blows  per  foot;  they 
provide  satisfactory  foundations  for  small  dams. 

On  the  other  hand,  t  he  presence  of  soft .  unconsoli- 
dated silts  and  clays  represented  by  a  penetration 
resistance  of  less  than  four  blows  per  fool  indicates 
the  need  for  special  sampling  and  testing  tech- 
niques and  requires  the  advice  of  specialists.  By 
identifying  the  soil  and  determining  its  resistance 
to  penetration,  the  standard  penetration  test  can 
be    used    to    delimit    those    saturated    foundations 

which  can  be  designed  by  the  approximate  meth- 


ods used  in  this  text  and   to  provide  approximate 
design  values. 

For  cohesionless  soils   the  relative  density   I)d, 


w  hich  equals 


-<■(■    I  15(f)),  is  known 


to  be  related  to  the  strength  of  the  material  For 
saturated  cohesive  soils  a  similar  property,  the 
relative  consistency  ('.,  is  also  related  to  Strength. 

LL—w     »i.l 


equal   to 


At   water  con- 


LL—PL     eLL  —  ePL 

tents    equal    to    their   liquid    limits    {(\  =  0),    the 
cohesive  Strength,   (',,,.,  of  all   remolded  saturated 
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soils  is  about  0.2  pound  per  square  inch  and  the 
shearing  strength  can  be  represented  by  the 
Coulomb  equation: 


sLL—Q.2  p.s.i.  +  ff  tan  $, 


(4) 


The  value  of  tan  </>s  can  be  obtained  by  "slow" 
shear  tests  on  saturated  soil  starting  from  the 
liquid  limit  condition.  Drainage  is  permitted  in 
these  tests  and  the  pore-water  pressure  is  zero. 
Tan  <f)s  is  about  0.5  even  for  fat  clays. 

At  water  contents  equal  to  their  plastic  limits 
(Cr=1.0),  the  cohesive  strengths  of  saturated  soils 
vary  considerably  depending  on  their  types,  and 
the  shearing  strength  can  be  represented  by  the 
equation: 

SpL=CPL+ff  tan  <f>  (5) 

The  value  of  tan  <j>  on  an  effective  stress  basis  can 
be  obtained  from  triaxial  shear  tests  on  samples 
compacted  at  Proctor  maximum  dry  density  and 
optimum  water  content.  This  value  is  usually 
somewhat  smaller  than  tan  <f>s.  The  value  of 
cohesion  at  the  plastic  limit,  CPL,  can  be  obtained 
from  similar  tests  made  on  soil  compacted  at  opti- 
mum water  content  and  then  saturated.  As  ex- 
plained in  section  89(d),  for  these  samples  the 
vertical  intercept  of  the  tangent  to  the  failure  circle 
making  an  angle  <t>  with  the  abscissa  on  the  Mohr 
diagram  (fig.  39)  is  designated  Csat.  The  water 
content  corresponding  to  Csat  is  usually  close  to 
the  plastic  limit  for  clayey  soils;  that  is,  CT  is  near 
unity.  By  assuming  a  linear  variation  of  cohesion 
with  water  content  between  the  liquid  and  plastic 
limits, 

Cta«-0.2 


cw=- 


Cr 


-0.2 


(6) 


where  CT  corresponds  to  Csat. 

Using  this  assumption,  Coulomb's  equation  for 
shearing  strength  (equation  (10))  for  a  saturated 
soil  at  any  C,  may  be  written  as  follows: 


s=CLL{l-Cr)  +  C7CPL+<T  tan  <t> 


(7) 


The  last  term  in  the  foregoing  equation  represents 
the  frictional  portion  of  the  shearing  resistance  at 
any  point  of  the  potential  surface  of  sliding  in  the 
foundation.  For  the  condition  of  no  drainage  of 
the  impervious  foundation  during  construction  of 
the  embankment,  a  remains  constant.  The  co- 
hesion portion  of  the  equation  is  a  function  of  CT. 


Since  CT  cannot  increase  without  drainage,  the 
shearing  strength  of  the  foundation  remains  con- 
stant while  the  shearing  stresses  imposed  by  the 
embankment  increase,  thus  decreasing  the  factor 
of  safety  against  sliding.  The  methods  of  treat- 
ment applicable  to  these  conditions  are  (1)  to  re- 
move the  soils  of  low  shearing  strength,  (2)  to 
provide  drainage  of  the  foundation  to  permit  in- 
crease of  strength  during  construction,  and  (3)  to 
reduce  the  magnitude  of  the  average  shearing 
stress  along  the  potential  surface  of  sliding  by 
flattening  the  slopes  of  the  embankment. 

Removal  of  soft  foundation  soils  is  sometimes 
practicable.  Relatively  thin  layers  of  soft  soils 
overlying  firm  material  may  be  removed  when  the 
cost  of  excavation  and  refill  is  less  than  the  com- 
bined cost  of  special  investigations  and  the  flatter 
embankment  slopes  required.  In  the  preparation 
of  relatively  firm  foundations,  pockets  of  material 
substantially  more  compressible  or  lower  in 
strength  than  the  average  are  usually  removed. 
See  appendix  E  for  a  discussion  of  foundation 
stripping. 

There  are  several  instances  where  vertical  drains 
have  been  used  to  facilitate  the  consolidation  so 
that  the  strength  of  a  foundation  will  increase 
as  it  is  loaded  by  an  embankment.  This  treat- 
ment is  applicable  primarily  to  nonhydraulic 
structures  such  as  highway  embankments.  Spe- 
cial studies  and  precautions  are  required  when 
these  drains  are  used  under  an  earthfill  dam,  and 
this  device  is  not  recommended  for  small  dams 
within  the  scope  of  this  text. 

The  most  practicable  solution  for  foundations 
of  saturated  fine-grained  soils  is  to  flatten  the 
embankment  slopes.  This  requires  the  critical 
surface  of  sliding  to  lengthen,  thereby  decreasing 
the  average  shearing  stress  along  its  path  and  in- 
creasing the  factor  of  safety  against  sliding.  The 
selection  of  design  slopes  'is  discussed  in  section 
129. 

(c)  Relatively  Dry  Foundations. — Unsaturated, 
impermeable-type  soils  are  generally  satisfactory 
for  foundations  of  small  dams  because  the  presence 
of  air  in  the  soil  voids  permits  appreciable  volume 
change,  increase  of  normal  effective  stress,  and 
mobilization  of  frictional  shearing  resistance  with- 
out drainage  of  the  pore  fluid.  That  is,  for  a  given 
void  ratio,  an  impervious  soil  has  greater  bearing 
capacity  in  the  unsaturated  condition  than  in  the 
saturated  condition. 
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In  addition,  unsaturated  aoili  exhibit  the  phe- 
nomenon of  "apparenl  cohesion"  which  is  the 
result  of  less  than  atmospheric  capillary  pressures 
in  the  water  films  surrounding  the  soil  particlee 
The  addition  of  water  t<>  these  soils  first  reduces 
and  then  destroys  the  apparent  cohesion  us  satu- 
ration i-  reached  Most  sods  are  sufficientl] 
dense  so  that  reduction  of  apparent  cohesion  l>\ 
saturation    will    cause    no   serious   difficulties    in 

foundations  of  small  dams  'There  is,  however, 
an  important  group  of  soils  which  are  of  low 
deiisitv     and    subject    to    large    settlements    when 

irated  by   the  reservoir,  although  these  soils 
have  high  dn  strength  in  the  natural  state      If 

proper  measures  are  not  taken  to  control  excessive 
lenient,  failure  of  the  dam  ma\  occur  (1)  l>\ 
differential  settlement  which  causes  rupture  of 
the  impervious  portion  of  the  cmhanknient  and 
thus  allows  breaching  of  the  dam  l>\  the  reservoir, 
or     '_'      by     foundation    settlement    resulting    in    a 

reduction  of  freeboard  and  overtopping  of  the 

dam,  although  the  impervious  portion  of  the  em- 
bankment deforms  without  rupturing. 

These  low-density  soils  are  typified  by  hut  not 
restricted  to  loess,  a  very  loose,  wind  deposited 
soil  which  covers  vast  areas  of  several  continents, 
including  North  America.  True  loess  has  never 
been  saturated  and  is  generally  composed  of 
uniform,  silt-sized  particles  bonded  together  with 

a  small  amount  of  clay.  When  its  water  content 
is  low.  loess  exhibits  sufficient  cohesive  strength 
to  support  100-foot-high  earthfills  without  large 
settlement.  A  substantial  increase  m  water  con- 
tent, however,  greatly  reduces  the  cohesion  and 
ma\  result  in  collapse  of  the  loose  structure  of  the 
soil  under  the  loading  imposed  by  dams  only  20 
feet  high. 

The  experiences  of  the  Bureau  of  Reclamation 
with  the  construction  of  dams  on  loess  in  the 
Missouri  River  Basin  are,  in  part,  described  in  a 
publication  of  the  American  Society  of  Civil 
Engineers  [23],  Although  the  properties  of  other 
loessial  sods  may  differ  from  those  found  in  the 
Mi— nun  River  Basin,  a  discussion  of  the  Bureau's 
experience  nni\    serve  as  a  guide  in  other  areas 

The  typical   undisturbed    Missouri   River   Basm 
loess   i^  a   tan   to  light    brown,   unstratified.   light- 
weight soil  containing  many  root   holes  and  void- 
It  consists  iuostlx   of  silt-sized  particles  bonded 

;ether  by  a  relatively  small  proportion  of  clay 
The  appearance  of  the  loess  and  the  range  of  grada- 


tion   are   shown    in    figure    II";   7">   percent    of   the 

samples  investigated  were  "ailtj  loess,"  20  percent 

were     "clayej     loeSS,"     and     (he     remainder    v\ 

"sand\   loei         The  density  of  the  loess  ranged 

from  a  low  of  65  pounds  per  cubic  foot  in  unusual 

cases  to  as  high  as  ion  pounds  per  cubic  foot  in 

areas  which  had  been  wetted  and  consolidated,  or 
where  the  loess  had  been  eroded  and  redeposited 
With  nat  ura  I  water  contents  of  about  10  percent 
t  he  supporting  capacity  of  the  loess  is  high,  regard- 
less of  its  density.  There  is  little  reduction  in 
bearing  capacity  for  water  contents  up  to  about  I  '• 
percent.  Further  increase  in  moisture  is  accom- 
panied l>,\  an  appreciable  reduction  in  supporting 
Capacity  for  low-donsitj  loeSS,  while  the  increase 
ill  moisture  has  little  effect  on  high-density  lot 

Several  typical  laboratory   compression  curves 

for  test  specimens  of  loess  have  been  plotted  in 
figure  IN  as  load  veTBUfl  drj  density  to  demon- 
strate the  effect  <>f  inplace  density  and  of  wetting 
on  compression  characteristics  The  low-deiisitv 
loeSS  which  is  not   piewetted   (curve  A.)  COmpreC 

.")  percent  under  a  load  roughly  equivalent  to  a  100- 
foot-high  earthfill  dam;  it  compresses  an  addi- 
tional 10.5  percent  without  an  increase  in  load 
when  saturated.  The  difference  bet  ween  t  he  com- 
pression characteristics  of  low-density  loess  at  the 
natural  moisture  and  prewetted  conditions  indi- 
cates that  dangerous  settlement  would  result  even 
for  a  20-foot-high  dam.  Figure  1  1  I  also  demon- 
strates (curve  C)  that  very  little  postconstruction 
foundation  settlement  will  take  place  for  a  dam 
constructed  on  a  high-density  loess  with  low  na- 
tural moisture.  Hence,  the  determination  of  the 
inplace  density  and  water  content  of  the  loess  is  of 
paramount  importance  in  planning  its  use  a-  ;i 
foundation  for  a  dam 

The  required  treatment  of  dry,  low-density 
foundations  will  be  dictated  by  the  compression 
characteristics  of  the  soil.  These  characteristics 
are  best  determined  by  laboratory  tests  on  un- 
disturbed samples  at  natural  water  content  to  de- 
termine whether  postconstruction  settlement  on 
saturation  will  be  significant  (curve  A  of  fig.  Ill 
or  of  minor  amount  (curve  ('  of  the  same  figure). 
For  small  dams  the  empirical  criteria  given  in  Si 

tion  129(b)  can  be  used  in  lieu  of  laboratory  tests 

If  the  foundation  is  not  subject  to  appreciable 
postconstruction  settlement  upon  saturation,  little 
foundation  preparation  is  required.  The  founda- 
tion should  be  st  ripped  to  remove  organic  material. 
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Figure  110.     Appearance  and  identification  of  Missouri  River 

Basin  loess. 

(Top)  Undisturbed  loess  (about  three-fourths  actual  size). 

(Bottom)  Range  of  gradation  and  Atterberg  limits. 

After  Clevenger  [23] 

a  key  trench  (sec.  123)  should  be  provided,  and  a 
toe  drain  (sec.  126(i))  should  be  installed  to  pre- 
vent saturation  of  the  foundation  at  the  down- 
stream toe  of  the  dam. 

If  the  foundation  is  subject  to  appreciable  post- 
construction  settlement  on  saturation,  measures 
should  be  taken  to  minimize  the  amount.  If  the 
low-density  soil  exists  in  a  top  stratum  it  may  be 
economical  to  excavate  the  material  and  replace  it 
with  compacted  embankment.  If  the  layer  is  too 
thick  for  economical  replacement  or  if  its  removal 
would  destroy  a  natural  blanket  over  a  pervious 
foundation,  measures  should  be  taken  to  insure 
that  foundation  consolidation  will  be  achieved  dur- 
ing construction. 
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Figure  111.     Typical  compression  curves  for  Missouri  River  Basin 
loess. 

Curve  B  of  figure  111  demonstrates  that  low- 
density  loess,  if  prewetted,  will  compress  during 
loading.  Hence  postconstruction  settlement  of 
low-density  loess  due  to  saturation  by  the  reservoir 
can  be  avoided  by  prewetting  the  foundation  in 
order  to  obtain  compression  during  construction 
of  the  embankment.  This  method  cannot  be  used 
unless  drainage  is  assured  by  an  underlying 
pervious  layer  or  unless  the  deposit  is  so  thick  that 
vertical  drainage  may  take  place  during  com- 
pression of  the  upper  portion  of  the  deposit. 

Because  of  its  structure  and  root  holes,  the 
vertical  permeability  of  a  loess  deposit  is  much 
higher  than  its  horizontal  permeability.  The 
Bureau  of  Reclamation  has  successfully  obtained 
consolidation  of  foundations  of  low-density  loess 
during  construction  by  prewetting  the  foundation, 
with  the  result  that  no  difficulty  has  been  experi- 
enced with  postconstruction  settlement  upon  fill- 
ing of  the  reservoir.  Sample  specifications  for  the 
performance  of  this  work  are  included  in  appen- 
dix G. 

1  29.  Designs  for  Silt  and  Clay  Foundations. — (a) 
Saturated  Foundations. — The  designs  of  small 
dams  on  saturated  fine-grained  soils  given  in  this 
section  are  based  on  the  results  of  numerous 
stability  analyses  using  various  heights  of  dam 
and  different  sets  of  slopes  for  the  stabilizing  fills 
for  each  height.  Average  values  of  embankment 
properties  were  used  and  the  required  shearing 
strength  for  a  safety  factor  of  1.5  was  determined, 


EARTHFILLDAMS 


187 


Cente 


J-  Slopes  os  determined  from  tobie  15  or 
Table  i6    os  appropriate  ,but  not 
steeper  thon  3  i 


dom 


2/2  |  -Stabilizing    fill 

_  _  J 


Original  ground 
surfoce 


Stripping  - . .  _./ 

Key  trench' 


Note  Outside  slopes  of  the  upstream 
ond  downstreom  stabilizing  fills  to 
be  mode  the  some 


_-  Saturated  fine  groined     ^/         !  Depth  >  * 
~-'         foundation   material--' 

i 
s  Bedrock  or  other  stable  foundation 


Figure  112.      Design  of  dam  on  saturated  fine-grained  foundation. 


ming  thai  no  drainage  occurred  in  the  founda- 
tion during  construction. 

Average  Btrengtfa  values  of  the  soil  groups  were 
obtained  from  equation  (7).  The  data  from 
table  6  were  used  to  obtain  tan  <t>  and  to  obtain 
C,a,  for  use  in  equation  (6  to  determine  Cn.. 
(,L  wns  taken  as  0.2  pound  per  square  inch. 
Figure  112  shows  the  cross  section  recommended 
for  use  on  these  foundations.  Table  13  gives 
recommended  slopes  for  stabilizing  fills  for  founda- 


tions typical  of  the  groups  of  the  Unified  Soil 
Classification  System  for  differenl  degrees  of  con- 
sistency. Recommendations  are  not  made  for 
slopes  for  soils  averaging  less  than  four  blows  per 
foot  (standard  penetration  test]  within  a  founda- 
tion depth  equal  to  the  height  of  the  dam.  Tl 
very  soft  foundations  require  special  sampling  and 
testing  which  is  beyond  the  scope  of  this  text 
Slopes  are  given  for  saturated  soils  of  medium 
consistency  (approximately  4  to  10  blows  per  foo 


Tvhi.k    13. — Recommended  slopes  of  stabilizing  fills  for  dams  on  saturated  silt  and  clay  foundations 


tencv 

Average  number  of  blows  per  foot  >  within 

Soil  Kroup  • 

Slopes  for  various  heights  of  dam 

foundation  depth  equal  to  height  of  dam 

50  feet 

40  feet 

30  feet 

20  feet 

10  feet 

Soft.. 

Less  than  4 

Special  soil  tests  and  analyses  required. 

4  lei  in 

[814 

6:1 
6:1 

6X:1 

7   1 
13:1 

4:1 
5:1 
5:1 
5:1 

in  1 

3:1 
4:1 
4:1 

4:1 

7:1 

3  1 

3  1 

80 

3 
3 

3 

4 

1 
1 

1 

1 

:< 

3 
3 
3 
3 

1 

IMI. 

1 

10L 

1 

Mil 

1 

leu 

1 

II  to  '31 

BM 

4    1 
5^:1 

6:1 

111 

IM  ' 

4'j:l 
5:1 
9:1 

3:1 

IX:  1 
IK:] 

4:1 

3  1 

3  1 

31 

3 
3 
3 
3 
3 

1 
1 

1 
1 
1 

3 
3 
3 

:< 

3 

1 

Stiff 

MI. 

1 

OL 

1 

Mil 

1 

CH 

1 

More  than  X) 

BM 

5  1 
6:1 

S:l 

5'»:1 

in  1 

3:1 
4    1 
4    1 
4:1 
4:1 
1   1 

1   1 

.1.1 

.3:1 
3:1 

.(  1 

3 
3 
3 
3 
3 
1 

1 

BC 

1 

3 
3 
1 

1 
1 
1 
1 
1 

Bard 

Ml. 

1 

OL 

1 

Mil 

1 

OH. 

1 

1  Standard  penetration  tests  (sec.  103). 

:  1'nlflt  .1  ,.  88). 

Uilnt  SBi  ara  not  needed  when  embankment  atopee  required  '  and  in  are  equal  -  in  the  alope  hated  above. 
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stiff  consistency  (approximately  11  to  20  blows 
per  foot),  and  hard  consistency  (greater  than  20 
blows  per  foot).  When  the  foundation  consists 
of  substantial  amounts  of  more  than  one  group, 
the  slopes  selected  should  be  consistent  with  those 
recommended  in  the  table. 

The  stabilizing  fills  are  provided  for  weight 
only,  and  therefore  do  not  require  careful  selection 
of  materials  or  special  methods  of  construction. 
Construction  of  these  fills  is  described  in  appendix 
G  under  the  heading  "Miscellaneous  fill  in  dam 
embankment." 

(b)  Relatively  Dry  Foundations. — The  design  of 
even  very  small  dams  on  deposits  of  dry  founda- 
tions of  low  density  must  take  into  account  the 
possibility  of  settlement  on  saturation  by  the 
reservoir.  Since  the  penetration  test  results  on 
these  foundations  may  be  grossly  misleading, 
natural  water  content  and  density  inplace  tests 
should  be  made  in  portions  of  the  deposit  above 
the  water  table  for  comparison  with  Proctor  com- 
paction values  on  the  same  soils.  Section  114 
describes  the  procedure  for  determining  inplace 
density  and  water  content,  and  section  115  de- 
scribes the  Proctor  compaction  test.  The  rapid 
method  of  compaction  control  described  in 
appendix  E  can  also  be  used  to  determine  the 
percentage  of  Proctor  maximum  dry  density 
existing  in  the  natural  soil  and  the  approximate 
difference  between  optimum  water  content  and 
inplace  water  content. 

Analysis  of  the  results  of  112  tests  made  by  the 
Bureau  of  Reclamation  on  samples  of  undis- 
turbed foundation  soils  indicate  that  density, 
water  content,  and  applied  load  influence  the 
susceptibility  of  a  soil  to  large  settlement  on 
saturation.  The  following  soil  groups  were  repre- 
sented in  the  tests:  ML,  51  percent;  CL,  23  per- 
cent; ML-CL,  13  percent;  SM,  8  percent;  and 
MH,  5  percent. 

For  loads  within  the  range  applicable  for  small 
dams,  an  empirical  relationship  between  D  (in- 
place dry  density  divided  by  Proctor  maximum 
dry  density)  and  w0—w  (optimum  water  content 
minus  inplace  water  content)  is  given  in  figure  113 
which  delimits  foundation  soils  requiring  treat- 
ment from  those  that  do  not.  There  were  70 
tests  in  the  former  category  and  42  in  the  latter. 
For  foundations  of  unsaturated  soils  that  fall  into 
the  "no  treatment  required"  category  in  the  figure, 
only    the    usual    foundation    stripping    and    key 


W0-W  =  OPTIMJM  WATER  CCNTENT(%BY  DRY  WEIGHT1-NATURAL  WATER  CONTENT|%  BY  DRY  WEIGHT) 
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Figure  113.     Foundation  design  criteria  for  relatively  dry  fine- 
grained soils. 

trench  are  required.  Soils  with  inplace  water 
content  considerably  greater  than  w0  should  be 
checked  to  determine  the  degree  of  saturation. 
If  they  are  over  95  percent  saturated  they  should 
be  considered  as  saturated  and  designed  accord- 
ingly. 

The  foundation  treatment  at  Medicine  Creek 
Dam  is  typical  of  results  achieved  by  pre-irrigation 
of  a  loess  foundation.  This  structure  is  an  earth- 
fill  dam  located  in  south-central  Nebraska  in  the 
center  of  the  Missouri  River  Basin  loess  area.  As 
shown  on  figure  1 14,  dry  low-density  loess  occurred 
on  the  right  abutment  of  this  dam  to  maximum 
depths  of  60  to  70  feet,  with  an  average  depth  of 
about  40  feet.  Undisturbed  samples  were  secured 
by  sinking  a  test  pit  at  a  representative  location 
to  a  depth  of  50  feet.  Table  14  summarizes 
partial  results  of  laboratory  tests  on  these  samples. 
These  tests  indicated  a  possibility  of  dangerous 
postconstruction  settlement  upon  saturation  by 
the  reservoir  if  the  dam  were  constructed  on  the 
natural  loess.  Therefore,  the  foundation  in  this 
area  was  thoroughly  wetted  before  fill  construction 
by  ponding  and  sprinkling.  Figure  115  shows  the 
dikes  and  ponds  full  of  water;  33  million  gallons 
of  water  were  used  over  a  2-month  period  to  raise 
the  water  content  in  the  critical  area  to  an  average 
value  of  28  percent. 

Settlement  measuring  points  throughout  the 
ponded  areas  revealed  that  no  settlement  occurred 
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NOTE 
A',  "B"  and  BP=  settlement 
measuring    plates 
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SECTION    ALONG    DAM    AXIS 
Figure  7  74.     Geology  of  right  abutment  of  Medicine  Creek  Dam,  an  earthfill  structure  on  Medicine  Creek  in  Nebraska. 
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from  saturation  alone.  Base  plate  apparatus  was 
installed  in  the  dam  to  permit  measurement  of 
foundation  settlement  in  four  locations  as  the  fill 
was  constructed  (BIM  to  BIM  inclusive,  fi^.  L14 

The  foundation  settlements  recorded  by  the  ha-, 
plate  installations  are  shown  in  figure  1  16.  l/pon 
completion  of  the  embankment  in  the  fall  of  1949, 
the  apparatus  indicated  a  foundation  settlement 
of  from  0.41  to  0.66  foot.  By  mid-1952  the 
measured  foundation  settlement  ranged  from  a 
maximum  of  2  feet  at  BIM  to  0.8  foot  at  BIT 
There    WKB    virlualU     no    further    increase    in    the 

amount  of  settlement  by  mid-1954  when  measure- 
ments were  discontinued.  The  reservoir  filled  to 
elevation    2366     (normal     water    surface  i     in     the 


190 


DESIGN  OF  SMALL  DAMS 


* 


*** 


Figure  115.     Ponding  on  foundation  of  Medicine  Creek  Dam.     404-1 227B. 


spring  of  1951  and  remained  close  to  that  elevation 
during  the  period  of  measurement. 

The  amount  of  foundation  settlement  at  Medi- 
cine Creek  Dam  was  appreciable,  although  less 
than  had  been  anticipated.  The  foundation  con- 
solidation   treatment    was    successful    in    that    a 


large  portion  of  the  settlement  took  place  while 
the  embankment  was  being  constructed,  and  the 
subsequent  settlement  was  a  slow  consolidation 
over  a  2-year  period  which  allowed  the  dam 
embankment  to  undergo  the  deformation  without 
distress. 


D.    EMBANKMENTS 


1  30.  Fundamental  Considerations. — Essentially, 
the  design  problem  for  an  earthfill  dam  embank- 
ment is  to  determine  that  cross  section  which, 
when  constructed  with  the  available  materials, 
will  fulfill  its  required  function  with  adequate 
safety  at  a  minimum  cost.  The  designer  of  an  earth- 
fill  dam  cannot  rely  on  the  application  of  mathe- 
matical  analyses   or   formulas   to   determine   the 


required  cross  section  to  the  same  degree  that  one 
can  for  a  concrete  dam.  Soils  occur  with  infinite 
combinations  of  size  gradation,  composition,  and 
corresponding  variation  in  behavior  under  differ- 
ent conditions  of  saturation  and  loading;  further, 
the  stress-strain  relationships  in  an  embankment 
are  very  complex. 

Considerable  progress  has  been  made  in  investi- 
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Figure  1 16.      Record  of  loets  foundation  settlement  at  Medicine 
Creek  Dam. 

gations  and  studies  directed  toward  the  develop- 
ment of  methods  that  will  afford  a  eomprehensive 
analysis  of  embankment  st ability.  These  methods 
provide  useful  design  tools,  especially  for  major 
Structures  where  the  cost  of  detailed  explorations 
and  laboratory  testing  of  available  construction 
materials  can  be  justified  on  the  basis  of  economics 
achieved  through  precise  design.  Even  so,  present 
practice1  in  determining  the  required  cross  section 
of  an  earthfill  dam  consists  largely  of  designing  to 
the  slopes  and  characteristics  of  existing  successful 
dams,  making  analytical  and  experimental  studies 
for  unusual  conditions,  and  controlling  closely  the 
selection  and  placement  of  embankment  mate- 
rials. \\  hile  some  modifications  are  necessarily 
made  in  Bpecific  designs  to  adapt  them  to  par- 
ticular conditions,  radical  innovations  are  avoided 
and  fundamental  changes  in  design  concepts  are 
developed  and  adopted  gradually  through  prac- 
tical experience  and  trial. 

Although  the  above  practice  may  be  criticized 
•S  being  overly  cautious  and  extravagant,  no 
better  method  has  yet  been  conclusively  demon- 
strated. Where  consideration  is  given  to  the 
possible  loss  of  life,  the  certainty  of  costly  prop- 
erty damage  in  many  cases,  and  the  waste  of 
money   incidental   to   the   failure  of  a  constructed 


dam.  ample  justification  ii  provided  fo  srv- 

ati\e  procedure-  Km  small  dams,  where  the 
O08(     ot     explorations    and     Inborn:'  ung    of 

embankment    materials    for    analytical    studies 

together  writh  the  OOSt  of  the  engineering  com- 
prise an  inordinate  proportion  of  the  total  cost  of 
the    structure,    the    practice    of    designing   on    the 

basis  of  successful  structures  and  past  experience 
becomes  6\  en  more  appropriate. 

The  design  criteria  for  embankments  are  given 
in  section  122.  They  require  that  the  slopes  of 
the  embankment  be  stable  under  all  conditions  of 
construction  and  reservoir  operation;  that  ex- 
cessive Stresses  not  be  induced  in  the  foundation; 
that  seepage  through  the  embankment  be  con- 
trolled; that  the  embankment  be  safe  against 
overtopping;  and  that  the  slopes  be  protected 
against  erosion.  This  part  of  the  chapter  is  con- 
cerned with  the  design  of  the  embankment  for 
slope  stability  and  for  control  of  seepage  through 
the  dam.  Designs  of  embankment  details,  such 
as  crest  width,  freeboard,  slope  protection,  and 
drainage,  are  discussed  in  part  E. 

The  stability  of  an  embankment  is  determined 
by  its  ability  to  resist  shearing  stresses,  since 
failure  occurs  by  sliding  along  a  shear  surface. 
Shearing  stresses  result  from  externally  applied 
loads,  such  as  reservoir  and  earthquake,  and  from 
internal  body  forces  caused  by  the  weight  of  the 
soil  and  the  embankment  slopes.  The  external 
and  internal  forces  also  produce  compressive 
stresses  normal  to  any  potential  sliding  surface. 
These  compressive  stresses  contribute  both  to  the 
shearing  strength  of  the  soil  and  to  the  develop- 
ment of  destabilizing  pore-water  pressures. 

Embankments  of  granular  or  noncohesive  ma- 
terials are  more  stable  than  those  made  of  cohesive 
soils,  because  granular  materials  have  a  higher 
frictional  resistance  and  because  their  greater 
permeability  permits  rapid  dissipation  of  pore- 
water  pressures  resulting  from  compressive  forces. 
Accordingly,  when  other  conditions  permit,  some- 
what steeper  slopes  may  be  adopted  for  non- 
cohesive  soils.  Embankments  of  homogeneous 
materials  of  relatively  low  permeability  have 
slopes  generally  flatter  than  those  used  for  zoned 
embankments,  which  have  free-draining  outer 
zones  supporting  inner  zones  of  relatively  impervi- 
ous materials. 

In  brief,  it  may  be  stated  that  the  design  of  an 
earthfill    dam    cross    section    is    controlled    bv    the 
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physical  properties  of  the  materials  available  for 
construction,  by  the  character  of  the  foundation, 
by  the  methods  of  construction  that  are  specified, 
and  by  the  degree  of  construction  control  that  is 
anticipated. 

131.  Pore-  Water  Pressure.— In  1936,  Terzaghi 
[24]  demonstrated  that  in  impervious  soils  sub- 
jected to  load,  a  total  stress  normal  to  any  plane  is 
made  up  of  an  effective  stress  and  a  fluid  pressure. 
The  concepts  of  plane  surfaces  and  stresses  at  a 
point  in  soils  are  not  identical  with  those  of  an 
ideal  homogeneous  isotropic  material.  The 
"plane"  in  soils  is  a  rather  wavy  surface,  touching 
the  soil  particles  only  at  their  contacts  with  one 
another;  and  the  "point"  of  stress  is  a  small  region 
containing  enough  of  the  particles  to  obtain  an 
average  stress.  With  these  qualifications  the 
total  normal  compressive  stress,  a,  along  a  plane 
in  an  earth  structure  can  be  written: 


■  a-\-u 


(8) 


where  u  is  pore-water  pressure.  From  considera- 
tions of  equilibrium  [25],  the  shearing  stress  r 
along  the  plane  is: 


ax— a  2 


sin  20 


(9) 


where : 

<ti  is  the  total  maximum  principal  stress, 
a2  is  the  total  minimum  principal  stress,  and 
0  is  the  angle  between  the  plane  considered 
and  the  plane  on  which  <rl  acts. 
It  is  apparent  from  equation  (9)  that  the  shearing 
stress  is  the  same  whether  ax  and  a2  are  used  or 
their  effective  components  ~5X  and  <r2- 

The  shearing  strength  along  a  plane  can  be  ob- 
tained from  Coulomb's  equation: 


s  =  C+(a—  u)  tan  <f> 


(10) 


which  shows  that  the  frictional  portion  of  the 
resistance  along  a  plane  is  reduced  by  pore- 
water  pressure.  This  equation  is  discussed  and 
the  terms  are  defined  in  section  89(b). 

Pore-water  pressures  in  compacted  cohesive 
soils  caused  by  compressive  stresses  occur  in  the 
sealed  triaxial  shear  test  in  the  laboratory  and  in 
the  impervious  zone  of  an  embankment  during  con- 
struction. For  the  laboratory  conditions  the  re- 
lation between  volume  change  and  fluid  pressure 
in  a  loaded  soil  mass  consisting  of  solid  particles, 


water,  and  air,  can  be  derived  by  using  Boyle's 
law  for  compressibility  of  air  and  Henry's  law 
for  solubility  of  air  and  water  both  at  constant 
temperature.  For  a  soil  mass  buried  in  an  "im- 
pervious" fill  where  drainage  is  extremely  slow 
because  of  the  long  path  of  percolation  and  the 
very  small  coefficient  of  permeability  of  the  ma- 
terial, it  is  both  conservative  and  reasonable,  on 
the  basis  of  field  observations,  to  use  the  assump- 
tion of  no  drainage  to  estimate  the  magnitude  of 
pore-water  pressure  for  design  and  control  purposes 
[26].  The  concept  is  that  when  the  moist  soil 
mass  is  loaded  without  permitting  air  or  water 
to  escape,  part  of  the  load  causes  the  soil  grains 
to  deform  elastically  or  to  undergo  nonelastic 
rearrangement,  but  without  significant  change  in 
their  solid  volume.  This  part  of  the  load  is  carried 
on  the  soil  skeleton  as  effective  stress.  The  re- 
maining portion  of  the  load  is  carried  by  stress 
in  the  air  and  water  contained  in  the  voids  and 
is  known  as  pore-water  pressure. 

Analysis  shows  that  the  magnitude  of  pore- 
water  pressures  from  compressive  forces  depends 
on  the  compressibility  of  the  compacted  soil  and 
on  the  amount  of  air  it  contains.  For  given  con- 
ditions of  compressibility  and  loading,  the  closer 
the  compacted  soil  is  to  saturation,  the  higher  the 
pore-water  pressure  will  be.  This  leads  to  the 
practice  of  controlling  the  water  content  of  ma- 
terials in  order  to  increase  the  amount  of  air  in 
the  compacted  soil.  The  water  content  has  been 
reduced  below  the  optimum  water  content  for 
compaction  at  Proctor  maximum  density  in  the 
construction  of  high  earthfill  dams,  but  this  proce- 
dure is  neither  necessary  nor  desirable  for  the 
construction  of  embankments  less  than  50  feet 
high.  For  these  heights,  compaction  of  cohesive 
soils  at  optimum  water  content  and  approximately 
Proctor  maximum  dry  density  will  insure  sufficient 
air,  even  in  the  most  compressible  soils,  to  preclude 
the  development  of  pore-water  pressures  of  ap- 
preciable magnitude.  For  small  confining  loads, 
placing  material  dry  of  optimum  is  undesirable 
because  it  increases  the  dangers  of  (1)  low  density 
for  the  same  compactive  effort  due  to  the  shape 
of  the  compaction  curve  (fig.  90),  (2)  increased 
permeability  of  the  embankment,  and  (3)  ex- 
cessive softening  and  settlement  on  saturation  by 
the  reservoir,  resulting  in  possible  cracking  of  the 
fill.  On  the  other  hand,  the  water  content  should 
not    be    appreciably   greater    than   optimum   for 
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Proctor  maximum  <lr\  density  because  difficulties 
hu\<'  been  experienced  with  unstable  fills  when 
\  ii  \  wet  Boils  are  used,  even  in  dams  of  kw  height. 

The  foregoing  considerations  result  in  the  recom- 
mended practice  of  compacting  cohesive  soils  in 

(I res  "f  small  Winn-  close  t<>  the  optimum 

water  content  al  Proctor  maximum  drj  density 

132.  Seepage  Through  Embankments.  I  he  core 
hi  water-barrier  portion  of  an  earthfill  dam  pro- 
rides  the  resistance  to  Beepage  which  creates  the 

ervoir  Although,  as  pointed  out  in  section 
B9  b  .  soils  van  greatly  in  permeability,  even  the 
tightest  clays  are  porous  and  cannot  prevenl 
water  from  seeping  through  them. 

The  progress  of  percolation  of  reservoir  water 
through  the  core  depends  on  the  constancy  oi 
reservoir  level,  the  magnitudes  of  permeability 
of  the  core  material  in  the  horizontal  and  vertical 
directions  (anisotropj  i,  the  amount  of  remaining 
pore-water  pressures  caused  by  compressive  foi 
during  construction,  and  the  element  of  time. 
ire  117  shows  the  penetration  of  water  into 
a  core  shortly  after  the  first  filling  of  the  reservoir, 
and  also  the  penetration  when  the  steady-state 
Beepage  condition  has  finally  been  reached.  The 
upper  surface  of  seepage  is  called  the  phreatic 
/■■Hi  pressure)  surface;  in  a  cross  section  it  is 
referred  to  as  the  phreatic  line.  Although  the 
-ml  ma\  be  sat  urated  by  capillarity  above  this 
line,  giving  rise  to  a  "line  of  saturation,"  Beepage 
is  limited  to  the  portion  helow  the  phreatic  line. 

The  position  of  the  phreatic  line  depends  only 
on  the  geometry  of  the  section.  For  soils  of  vastly 
different  permeabilities  but  of  the  same  ratio  of 
horizontal  to  vertical  permeability,  the  phreatic 
lines  eventually  will  reach  identical  positions. 
It    will    take    much    longer    for    the    steady-state 


condition  to  be  reached  in  daj   than  in  -and  for 

the  same  cross  Section,  and   the  amount   of  water 

emerging  at  the  downstream  -lope  will,  of  com-. 
be  much  greater  in  the  more  pervious  material. 
The  pore  water  pressures  helow  the  phreatic  line 
reduce  the  shearing  strength  of  the  soil  mass  in 
accordance  with  Coulomb's  law,  equation 
The  Bteady-state  condition,  which  involves  the 
maximum  saturation  of  the  embankment,  i>  the 
mOSl    critical    postconstruction    condition    for    the 

Btabilit}  of  the  downstream  alope. 

The  most  critical  operating  condition  so  far  as 
the  stability  of  the  upstream  slope  is  concerned  i- 
a  rapid  drawdown  following  a  long  period  of  high 
reservoir  level.  Figure  lis  Bhows  the  effect  of 
rapid    drawdown    on    the    pore-water    pressures 

measured  in  AlcOVS   Dam,  \V\o.      It  will  he  noted 

that  the  reservoir  water  surface  was  lowered  120 
feet  ill  40  days,  which  is  an  extremely  rapid  draw- 
down for  a  dam  of  this  height.  Figure  118(A 
shows  the  phreatic  line  and  equal-pressure  line- 
under  full  reservoir  conditions;  the  position  of  the 
phreatic  line  indicates  that  virtually  steady-State 
conditions  were  present  prior  to  drawdown. 
Figure  118(B)  -how-  the  pressures  under  draw- 
down conditions. 

Figure  118  demonstrates  that  appreciable  pore- 
water  pressures  remain  in  an  embankment  after 
drawdown.  If  a  specific  dam  is  subject  to  rapid 
drawdown  after  long-term  storage  at  high  reservoir 
levels,  special  provisions  should  be  made  in  the 
designs.  The  upstream  slope  of  an  embankment 
with  an  appreciable  upstream  previous  zone 
usually  is  not  critical  for  the  rapid-drawdou  n  con- 
dition. Rapid  drawdown  may  require  a  flatter 
slope  of  a  homogeneous  embankment  than  would 
otherwise  he  needed  for  stahilitv. 


-Normal  water  surface 


Steady-state  phreatic  line 
,  -Pervious 


Minimum  water 
surface-- 


y  >»/r>r>7/>??7y?s/ysv//,%>7Ay  >///y>>//y>///yf//y//ry?fsy/>// 

Phreatic   line  prior         ,''  ^-Intermediate-state 

to  reservoir  filling-'''  phreatic  line  ^ 

^__-- Impervious  foundation-  -'' 


Tail  water 


Figure  117.      Position  of  phreatic  line  in  a  toned  embankment 
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(A)  STEADY    STATE    CONDITION 


Note-.   Pressures  measured 
in  feet  of  water 


W.S.  El.  536 1 
SEPT  9,  I939- 


-=~40' 


Equal  pressure  lines 
Phreatic  line--- 


---Crest  El   55IO 


El.  5402.5 


O       ■  ■  <J,    «•   rZm*r     &  'a     .  0    D    V.   • 


-V--EI.   5325 


-El  5245 


(B)  RAPID    DRAWDOWN    CONDITION 

Figure  118.      Effect  of  rapid  drawdown  on  pore  pressures  at  Alcova  Dam,  an  earthfill  structure  on  the  North  Platte  River  in  Wyoming. 


The  use  of  the  flow  net  in  determining  the  mag- 
nitude and  distribution  of  seepage  pressures  in 
pervious  foundations  has  been  previously  described 
(sec.  125(c)).  The  flow  net  is  also  used  as  a 
means  of  visualizing  the  flow  pattern  of  perco- 
lating water  through  embankments  in  order  to 
estimate  the  magnitude  and  distribution  of 
pressures  due  to  percolating  water,  both  in  the 
steady  state  and  in  the  drawdown  condition. 
Analytical  methods  of  stability  analyses  which  are 
used  in  the  design  of  major  structures  require  that 
such  pore-water  pressures  be  determined  quanti- 
tatively. Such  a  determination  is  not  required 
for  the  design  procedure  given  in  this  text. 


133.  Stability  Analyses. — Various  methods  have 
been  proposed  for  computing  the  stability  of  earth- 
fill  dams.  In  general,  these  methods  are  based  on 
the  shearing  strength  of  the  soil  and  certain 
assumptions  with  respect  to  the  character  of  an 
embankment  failure.  The  Swedish  or  "slip- 
circle"  method,  which  supposes  the  surface  of 
rupture  to  be  a  cylindrical  surface,  is  a  com- 
paratively simple  method  of  analyzing  embank- 
ment stability.  Although  other  and  more  strictly 
mathematical  solutions  have  been  developed,  the 
slip-circle  method  of  stability  analysis  is  the  one 
most  generally  accepted.  In  this  method  the 
factor  of  safety  against  sliding  is  defined  as  the 
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ratio  of  the  average  shearing  strength,  as  deter- 
mined from  equation  i  lit-,  to  ili<'  average  shearing 
determined  l>\  statics  on  ■  potential 
sliding  Burface 

The  four  exerted  by  an)  Begmenl  within  the 
slip-circle  i-  equal  to  the  weigh)  of  the  segment  and 
lets  verticall)  downward  through  its  center  of 
gravity  The  components  of  this  weight  acting 
on  a  portion  <>f  the  circle  are  the  force  norma]  to 
the  arc  and  the  force  tangenl  to  the  arc,  m>  deter- 
mined b)  completing  the  force  triangle  with  lines 
in  the  radial  and  tangential  directions  Pore- 
water  pressures  acting  on  the  arc  result  in  an  up- 
lift force  which  reduces  the  normal  componenl  of 
the  weigh)  of  the  Begmen)  ( Iraphical  means  lia\  e 
been  developed  by  May  {27]  to  facilitate  the 
solution. 

The  safety  factor  agains)  sliding  for  an  assumed 
circle  is  computed  bv  the  equation: 

Safety  factor=—  ,  (11; 

where: 

V  -intimation    of    normal    forces    along    the 

arc. 

V  summation   of   uplift    forces  due   to   pore- 

water  pressure  along  the  arc 
/     algebraic  summation  of  tangential  forces 

along  the  arc, 
/.      length  of  arc  of  slip  circle,  and 
(    and  tan  <t>  are  a<  defined  for  equation  (10). 

Various  centers  and  radii  are  used  and  computa- 
tion-, repeated  until  the  arc  which  i_ri\es  the 
minimum  Bafety  factor  is  established. 

In  order  to  compute  the  safety  factor  by  means 
of  equation  (11),  it  is  necessary  to  establish  the 
cohesion  and  angle  of  internal  friction  of  the  Boil, 
and  the  magnitude  of  pore-water  pressures  for 
construction,  Bteady-etate,  and  drawdown  condi- 
tion- Furthermore,  the  strength  properties  of 
the  foundation  must  be  determined  where  the 
overburden  above  bedrock  is  silt  or  clay,  as 
experience  has  shown  that  the  critical  circle  will 
extend  into  the  foundation  in  such  cases.  It  is 
therefore  apparent  that  tin-  method  of  analysis  is 
more  suited  to  the  design  of  major  structure-. 
where  the  cos)  of  foundation  exploration  and 
laboratory  tests  ol  foundation  and  embankmenl 
material-  to  determine  their  average  Strength 
properties  is  justified  because  of  economies  which 
ma)  be  achieved  b>  the  use  of  more  precise  slopes 


Tin-  recommended  designs  for  small  earthfill  dams 
given  in  this  tex)  are  baaed  on  the  Swedish  slip- 
circle  method,  using  average  values  of  soil  prop- 
erties and  experience  These  designs  will  result 
in    adequate    factors    of    Bafet)     provided     proper 

construction  control  i-  obtained 

134.  Embankment  Design.  a)  Utilization  "I 
Materials  from  Structural  Excavation,  In  the 
discussion   of  design   criteria    (sec.    122),    it    was 

pointed  out  that  for  minimum  COS)  the  dam  mu-l 
l>e  designed   to  make  maximum   utilization  of  the 

most    economical    materials   available,    including 

material  which  must  be  excavated  for  its  founda- 
tion  and    for   the  appurtenant    structure-       When 

the  yardage  from  these  sources  constitute-  an 
appreciable    portion    of    the    total    embankment 

quantity,  i)  may  strongly  influence  the  design  of 
the  dam.  Although  these  material-  frequently 
are  less  desnahle  than  soil  from  available  borrow 
areas,  economy  requires  that  they  be  employed 
to  the  maximum  practicable  extent.  Available 
borrow  areas  and  structural  excavations  must  be 
considered  together  in  arriving  at  a  suitable 
design. 

The  portion  of  the  cutoff  excavation  above 
ground-water  table  may  provide  limited  amounts 
of  material  for  the  impervious  core  of  the  dam. 
Appreciable  quantities  of  sand  and  gravel  are 
usually  obtained  in  the  dewatered  portion  of  the 
trench  from  the  strata  that  are  being  intercepted 
When  sand  and  gravel  occur  in  thick,  clean  beds, 
they  can  be  salvaged  for  use  in  the  outer  sections 
of  the  dam;  however,  pockets  or  lenses  of  silt  and 
clay  and  highly  organic  material  are  often  found 
In  normal  excavation  operations,  the  latter  mate- 
rials contaminate  the  clean  soils,  which  result  in 
wet  mixtures  of  variable  permeability  and  poor 
workability.  Such  mixtures  will  usually  be 
u  as ted. 

Excavations  for  the  spillway  usually  provide 
both  overburden  soils  and  formation  bedrock. 
In  planning  the  use  of  these  materials,  the  designei 
must  recognize  that  moisture  control,  processing, 
and  special  size  requirements  will  add  to  the  008) 

For  these  reasons,  material  from  Bpillwa)  excava- 
tions ordinarily  is  used  only  to  a  limited  extent  in 
the  main  structural  zones  of  dam  embankments 
The  feasibility  of  using  materials  from  structural 
excavation  is  influenced  by  the  sequence  of  con- 
struction operation-  Topograph)  at  the  dam 
-ite.  hydrolog)   of  the  watershed,  climate,  and  the 
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magnitude  of  the  work  all  affect  the  construction 
sequence  and  time  schedule.  An  adequate  placing 
area  must  be  available  in  order  to  use  material 
from  the  spillway  or  cutoff  trench  in  the  embank- 
ments without  having  to  stockpile  and  later  re- 
handle  large  quantities  of  earth  and  rock.  The 
placing  area  is  usually  restricted  early  in  the  job; 
hence,  the  designer  is  faced  with  the  choice  of 
specifying  that  spillway  excavation  be  delayed 
until  space  is  available  for  it,  of  requiring  extensive 
stockpiling,  or  of  permitting  large  quantities  of 
material  to  be  wasted.  The  amount  of  embank- 
ment space  that  can  be  provided  during  the  early 
stages  of  construction  depends  in  part  on  the 
diversion  requirements  for  a  particular  dam  site 
and  in  part  on  the  diversion  plan  that  the  con- 
tractor will  select.  Usually  the  contractor  is 
allowed  considerable  flexibility  in  the  method  of 
diversion;  this  adds  to  the  designer's  uncertainty 
in  planning  use  of  materials  from  structural  ex- 
cavations. Several  plans  may  have  to  be  worked 
out  to  determine  the  economical  choice. 

The  zoning  of  the  embankment  should  be  based 
on  the  most  economical  utilization  of  materials 
which  can  be  devised.  An  important  use  of 
materials  from  structural  excavation  has  been  in 
portions  of  the  embankment  where  the  permeabil- 
ity was  not  critical  and  where  weight  and  bulk 
were  the  major  requirements.  Suitable  locations 
for  these  miscellaneous  fills  are  the  flattened  toes 
of  dams  on  weak  foundations  wheie  high  shear- 
ing strength  of  the  fill  is  not  required.  These 
stabilizing  fills  are  discussed  in  section  129. 

In  formulating  a  design,  the  designer  must  esti- 
mate the  proportion  of  the  structural  excavation 
that  will  be  suitable  in  the  various  zones  of  the 
embankment,  and  the  shrinkage  and  swell  which 
will  be  involved.  The  use  of  a  materials  distribu- 
tion chart,  such  as  shown  in  figure  119,  has  been 
found  helpful.  This  chart  is  for  the  Bureau  of 
Reclamation's  Wasco  Dam,  the  maximum  section 
of  which  is  shown  in  figure  154.  In  addition  to 
showing  the  sources  of  all  fill  materials,  the  chart 
contains  the  assumptions  used  for  shrinkage, 
swell,  and  yield  on  which  specifications  quantities 
are  based. 

(b)  Embankment  Slopes,  General. — The  design 
slopes  of  an  embankment  may  vary  widely,  de- 
pending on  the  character  of  the  materials  available 
for  construction,  foundation  conditions,  and  the 
height  of  the  structure.     The  embankment  slopes 


as  determined  in  this  section  are  the  slopes  re- 
quired for  stability  of  the  embankment  on  a  stable 
foundation.  Pervious  foundations  may  require 
the  addition  of  upstream  blankets  to  reduce  the 
amount  of  seepage  or  downstream  horizontal 
drainage  blankets  for  stability  against  seepage 
forces.  Weak  foundations  may  require  the  ad- 
dition of  stabilizing  fills  at  either  or  both  toes  of 
the  dam.  The  additional  embankments  needed 
because  of  pervious  or  weak  foundations  should  be 
provided  beyond  the  slopes  determined  herein  as 
required  for  embankment  stability. 

The  upstream  slope  may  vary  from  2  :  1  to  as 
flat  as  4  :  1  for  stability;  usually  it  is  2}i  :  1  or  3  :  1. 
Flat  upstream  slopes  are  sometimes  used  in  order 
to  eliminate  expensive  slope  protection.  A  berm 
is  often  provided  at  an  elevation  slightly  below 
the  maximum  drawdown  of  the  reservoir  water 
surface  to  form  a  base  for  the  upstream  slope 
protection,  which  need  not  be  carried  below  this 
point.  The  upstream  slope  is  often  steepened 
above  the  elevation  where  water  is  stored;  that  is, 
in  the  surcharge  range. 

A  storage  dam  subject  to  rapid  drawdown  of 
the  reservoir  should  have  an  upstream  zone  with 
permeability  sufficient  to  dissipate  pore-water 
pressures  exerted  outwardly  in  the  upstream  part 
of  the  dam.  The  rate  of  reservoir  drawdown  is  an 
important  factor  which  affects  the  stability  of  the 
upstream  part  of  the  dam.  Where  only  fine 
material  of  low  permeability  is  available,  such  as 
that  predominating  in  clays,  it  is  necessary  to 
provide  a  flat  slope  if  rapid  drawdown  is  a  design 
requirement.  Conversely,  if  free-draining  sand 
and  gravel  are  available  to  provide  a  superim- 
posed weight  for  holding  down  the  fine  material 
of  low  permeability,  a  steeper  slope  may  be  used. 
The  same  result  may  be  secured  by  utilizing  sound 
and  durable  rock  from  required  excavations.  In 
the  latter  case,  a  layer  of  sand  and  gravel  or  quarry 
fines  must  be  placed  between  the  superimposed 
rock  and  the  surface  of  the  impervious  embank- 
ment to  prevent  damage  and  displacement  from 
saturation  and  wave  action. 

Flood  damage  due  to  failure  of  the  upstream 
face  is  very  unlikely.  Failure  can  take  place  only 
during  construction  or  following  a  rapid  draw- 
down; in  both  cases  the  reservoir  should  be  virtu- 
ally empty.  The  weight  and  seepage  forces  act 
as  a  stabilizing  influence  on  the  upstream  face 
when  the  reservoir  is  full. 
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The  usual  downstream  slopes  for  small  earth- 
fill  dams  are  2  :  1  where  a  downstream  pervious 
zone  is  provided  in  the  embankment,  and  2%  :  1 
where  the  embankment  is  impervious.  These 
slopes  are  stable  for  soil  types  commonly  used 
when  drainage  is  provided  in  the  design  so  that 
the  downstream  slope  of  the  embankment  does 
not  become  saturated  by  seepage. 

The  slopes  of  an  earthfill  dam  depend  on  the 
type  of  dam  (that  is,  diaphragm,  modified  homo- 
geneous, or  zoned  embankment),  and  on  the 
nature  of  the  materials  for  construction.  Of 
special  importance  is  the  nature  of  the  soil  which 
will  be  used  for  construction  of  the  modified 
homogeneous  dam  or  the  core  of  a  zoned  dam. 
In  the  latter  case,  the  relation  of  the  size  of  the 
core  to  the  size  of  the  shell  is  also  significant. 

In  this  text,  the  slopes  of  the  embankment  are 
related  to  the  classification  of  the  soil  to  be  used 
for  construction,  especially  the  impervious  soils. 
The  engineering  properties  of  soils  in  the  various 
classifications  are  shown  in  table  6  (sec.  89).  The 
slopes  chosen  are  necessarily  conservative  and  are 
recommended  only  for  small  earthfill  dams  within 
the  scope  of  this  text,  as  discussed  in  section  119. 

(c)  Diaphragm  Type. — A  diaphragm  t}'pe  ol 
earthfill  dam  is  recommended  for  small  dams  only 
where  the  supply  of  impervious  soil  is  so  limited 
that  the  zoned  embankment  type  cannot  be  con- 
structed. In  that  event,  it  is  recommended  (sec. 
120)  that  for  small  dams  a  diaphragm  of  manu- 
factured material  be  placed  on  the  upstream  slope 
of  an  otherwise  pervious  embankment  in  lieu  of  a 
soil  blanket.  If  the  pervious  material  is  rock,  the 
dam  is  classified  as  a  rockfill  dam,  the  design  of 
which  is  discussed  in  chapter  VI. 

The  pervious  material  for  construction  of  a 
diaphragm  earthfill  dam  must  be  such  that  it  can 
be  compacted  to  form  a  stable  embankment  which 
will  be  subject  to  only  small  amounts  of  post- 
construction  settlement.  Poorly  graded  sands 
cannot  be  satisfactorily  compacted;  well-graded 
sand -gravel  mixtures  or  well-graded  gravels  make 
satisfactory  embankments.  Well-graded  sand- 
gravel  mixtures  which  contain  more  than  5  percent 
of  material  finer  than  the  200-mesh  sieve  should  be 
tested  to  determine  that  they  will  form  free- 
draining  embankments  after  compaction.  Well- 
compacted  pervious  embankments  are  very  stable, 
and  2  :  1  slopes  both  upstream  and  downstream 
are  adequate  for  small  dams.     Although   steeper 


slopes  likely  would  be  stable,  they  are  not  eco- 
nomical to  construct. 

In  all  respects,  except  for  the  use  of  pervious 
materials  other  than  rock  in  construction  of  the 
embankment,  the  diaphragm  earthfill  dam  design 
as  recommended  herein  for  small  dams  is  identical 
with  the  design  of  rockfill  dams,  as  discussed  in 
chapter  VI.  That  discussion  should  be  referred 
to  for  the  design  of  foundations  and  upstream 
facings  for  a  diaphragm-type  earthfill  dam. 

(d)  Homogeneous  Type. — The  homogeneous 
type  of  dam  is  recommended  only  where  the 
paucity  of  free-draining  materials  makes  the  con- 
struction of  a  zoned  embankment  type  uneconomi- 
cal, and  with  the  further  qualification  that  for 
storage  dams  the  homogeneous  dam  must  be 
modified  to  provide  for  the  inclusion  of  internal 
drainage  facilities.  The  recommended  drainage 
facilities  are  described  in  section  120  and  are  shown 
on  figure  96.  If  the  rockfill  toe  shown  on  figure 
96(A)  is  provided,  a  filter  must  be  constructed 
between  the  embankment  proper  and  the  rockfill. 
This  filter  and  the  filter  drain  shown  in  figure 
96(B)  should  be  designed  as  described  in  section 
126(h). 

To  perform  its  function  of  lowering  thephreatic 
line  and  stabilizing  the  downstream  portion  of  the 
dam,  the  filter  drain  shown  on  figure  96(B)  should 
extend  from  the  downstream  slope  of  the  dam  to 
well  within  the  body  of  the  embankment.  How- 
ever, it  should  not  extend  upstream  so  far  as  to 
reduce  the  length  of  the  path  of  percolation 
through  the  embankment  or  the  foundation  to  a 
dangerous  extent.  Also,  a  minimum-length  filter 
drain  is  desirable  because  filters  are  expensive  to 
construct.  For  small  dams,  it  is  recommended 
that  the  filter  drain  start  at  the  downstream 
toe  of  the  embankment  and  extend  upstream  to 
within  a  distance  equal  to  the  height  of  the  dam 
plus  5  feet  from  the  centerline  of  the  dam.  This 
will  afford  a  drain  of  ample  extent  and  yet  not 
reduce  the  length  of  the  path  of  percolation  beyond 
desirable  limits.  The  distance  of  height  of  dam 
plus  5  feet  is  selected  on  the  basis  that  this  will 
place  the  upstream  limit  of  the  filter  diain  at  a 
position  corresponding  to  the  upstream  limit  of 
a  pervious  zone  for  a  zoned  embankment  con- 
structed on  a  pervious  foundation  without  a 
positive  cutoff  trench,  as  shown  on  figure  120. 

The  filter  drain  should  be  carried  across  the 
valley  floor  and  up  the  abutments  to  an  elevation 
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corresponding  to  the  highest  level  at  which  water 
will  be  stored  in  the  peservoir  for  so  sppreois>ble 

time.  It  should  be  s  uniformly  thick  blanket 
whose  upstream  position  at  a  given  point  is  down- 
stream from  the  centerline  of  the  dim  i  distance 
equal  to  the  height  <>f  the  dam  at  that  point 
plus  5  feel 
Even   in   the  construction  of  a  homogeneous 

embankment,  there  is  Likely  to  be  some  variation 
m  the  nature  of  the  borrow  material.  It  is  im- 
portant thai  the  coarser  and  more  pervious  of 
the  materials  available  be  placed  at  the  outer 
11  order  to  approach,  as  nearly  as  possible, 
the  advantages  of  a  zoned  embankment. 

The  recommended  slopes  for  small  homogeneous 
sarthfill  dams  are  shown  in  table  15  for  detention 
dams  and  for  storage  dams  with  and  without  rapid 
drawdown  as  a  design  condition.  Where  more 
than  one  soil  classification  is  shown  for  a  set  of 
slopes,  it  indicates  that  the  dam  can  be  con- 
Btructed  to  these  slopes  using  any  one  of  these 
soils  or  any  combination  thereof. 

(e)  Zoned  Embankment.-  Section  120  describes 
the  zoned  embankment  dam  and  states  that  this 
type  of  dam  should  always  be  constructed  where 
there  is  a  variety  of  soils  readily  available  because 
its  inherent  advantages  will  lead  to  economies  in 
the  cost  of  construction.  This  type  of  design  is 
economical  to  construct  because  it  permits  the  use 
of  steeper  slopes  with  a  consequent  reduction  in 
the  total  volume  of  embankment  material  and 
because  it  also  allows  a  wide  variety  of  material  to 
be  used  It  thus  allows  for  maximum  utilization 
of  material  which  must  be  excavated  for  the 
foundations  of  the  dam,  spillway,  and  outlet 
u  orks. 


The  scheme  of  zoning  ma\  divide  the  dam  into 
three  or  more  sections,  depending  on  the  range  of 
variation  in  the  character  and  gradation  of  the 
available  materials  of  construction.  Relatively 
free-draining  materials,  and  therefore,  those  with 
a  high  degree  of  inherent  stability  are  used  to 
enclose  and  support  the  less  stable  impervious 
core.  Pervious  materials  are  placed  in  the  down- 
stream sections  to  avoid  building  up  of  pressures 
from  percolating  water  and  to  permit  lowering 
the  phreatic  line  so  as  to  keep  it  well  within  the 
toe  of  the  embankment.  Pervious  materials  are 
placed  in  upstream  sections  to  permit  dissipation 
of  pressures  on  rapid  drawdown.  When  there  is  a 
great  enough  variation  in  available  material, 
several  zones  may  be  used.  Beginning  at  the 
impervious  section,  each  zone  is  of  increasingly 
permeable  materials  toward  the  outer  slope. 

It  is  important  that  the  gradation  of  adjacent 
zones  be  considered  so  that  materials  from  one 
zone  are  not  piped  into  the  voids  of  adjoining 
zones,  either  by  steady-stage  or  by  drawdown 
seepage  forces.  A  transition  of  sand-gravel  or 
rock  fines  must  be  provided  between  an  impervious 
zone  and  a  flanking  rockfill.  If  the  transition  zone 
is  only  a  few  feet  thick,  it  should  be  designed  as  a 
filter  in  accordance  with  the  procedure  given  in 
section  126(h).  Transition  zones  ordinarily  are 
not  required  between  impervious  and  sand-gravel 
zones  or  between  sand-gravel  zones  and  rockfill. 

The  slopes  required  for  stability  of  a  zoned  em- 
bankment are  a  function  of  the  relative  sizes  of 
the  impervious  core  and  the  pervious  flanking 
zones.  Figure  120  shows  the  "minimum"  core 
for  a  dam  constructed  on  an  impervious  founda- 
tion or  on  a   pervious  foundation  which  is  com- 


T  wu.k  15.  —  Recommended  slopes  for  small  homogeneous  earthfill  dams  on  stable  foundations 


Case 


Typo 


Purpose 


Subject  to  rapid  drawdown  ' 


Soil  classification  > 


Up- 
stream 
slope 


Down- 
stream 
slope 


Homogeneous  or  modifled-homo- 

fRM 


IVtcTitlon  or  storage. 


No 


OW,  OP,  BW,  SI- 
OC,  OM,  BO,  BM 
OL,  Ml. 
CH,  Mil 

uw,  op,  s\\    BP 

OC,i. 

••1. 

(II,  Mil 


Pervious,  not 
suitable 


2^:1 

3:1 

34:1 


2:1 
24:1 


M.Mlifled-homogeneous 


Storage 


Pervious,  not 
suitable 


3:1 
4:1 


2:1 
24:1 
24:1 


1  >r  i»  .1  .»  n  rates  of  6  Inches  or  more  per  day  following  prolonged  storage  at  high  reservoir  h 
-'  OL  and  Oil  soils  are  not  recommend.'!  foi  nm)  ir  portions  of  homogeneous  earthfill  dam-      I'l  nfli  ar>-  unsuitable. 
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EXPLANATION 

Maximum    core. 

Minimum  core    for  dam   on   pervious 

foundation  and   no  positive  cutoff  trench. 


iff 


3fflW.ftffl  Minimum   core  for  dam  on  impervious 
•^WWl       foundation  or  pervious  foundation 


with  positive   cutoff. 


,.<£_  of  dam 


"Original  ground  surface  Stripping---' 

Figure  120.     Size  range  of  impervious  cores  in  zoned  embankment. 


pletely  penetrated  by  a  cutoff  trench  (hereinafter 
referred  to  as  the  minimum  core) ;  the  minimum 
core  for  a  dam  constructed  on  a  pervious  founda- 
tion which  is  not  completely  penetrated  by  a 
cutoff  trench  (hereinafter  referred  to  as  the  mini- 
mum core  for  pervious  foundations) ;  and  the 
"maximum"  size  core  for  a  zoned- type  dam.  If 
the  core  is  smaller  than  the  minimum  size  shown, 
the  dam  is  considered  to  be  of  the  diaphragm 
type;  if  the  core  is  larger  than  the  maximum  size 
shown,  the  pervious  zones  are  largely  ineffectual 
in  stabilizing  the  core,  and  the  embankment  may 
be  considered  as  the  homogeneous  type  so  far  as 
stability  is  concerned. 

The  size  of  the  minimum  core  shown  in  figure 
120  was  selected  for  both  practical  and  theoretical 
reasons.  The  width  of  10  feet  was  taken  as  the 
minimum  that  will  permit  economical  placement 
and  compaction  of  impervious  embankment  ma- 


terial by  construction  equipment,  which  may 
include  trucks,  dozers,  and  tamping  rollers.  The 
criterion  that  the  thickness  of  the  core  at  any  ele- 
vation can  not  be  less  than  the  height  of  embank- 
ment at  that  elevation  was  adopted  so  that  the 
average  hydraulic  gradient  through  the  core  will 
be  less  than  unity.  Appreciably  steeper  gradients 
result  in  high  seepage  forces  and  the  necessity  for 
construction  of  high-quality  filter  zones,  which  for 
small  dams  are  neither  economical  nor  practicable 
from  a  construction  control  standpoint.  Further- 
more, if  the  core  were  thinner  there  would  be  more 
danger  that  it  could  be  ruptured  by  differential 
settlement  of  the  foundation. 

The  minimum  core  for  a  dam  on  a  pervious 
foundation,  as  shown  on  figure  120,  is  based  on 
consideration  of  seepage  pressures  in  the  founda- 
tion. This  minimum  applies  to  dams  constructed 
on  pervious  foundations  which  are  exposed  (case 
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1).  It  does  not  apply  if  the  pervious  foundations 
axe  mantled  by  an  impervious  layer  (case  2  more 
than  •'<  feet  thick  (Refei  to  sec  127  a  for  a  dis- 
cussion of  tlif  several  cases  of  pervious  founda- 
tions.) lfn  cutoff  trench  completely  penetrating 
the  case  I  pervious  foundation  i^  not  provided 
in  the  design,  it  mual  be  anticipated,  regardless 
of  what  other  type  of  device  is  utilized  to  control 
leepage,  that  the  loss  of  head  through  the  founda- 
tion will  he  relatival)   gradual  and  proportional 

to  the  length  of  the  seepage  path.  The  minimum 
length  of  path  used  in  practice  in  conjunction  with 
seepage  control  devices  as  shown  on  figure  107(B), 
in?  ('),  oi-  figure  108  i>  that  provided  by  an  im- 
pervious zone  whose  thickness  at  the  contact  of 
the  dam  with  the  foundation  is  at   least  '_"..  times 

the  height  of  the  dam.  To  conform  t<»  good 
practice  and  to  avoid  the  possibility  of  seepage 
passing  under  the  core  of  the  dam  without  an 
appreciable  loss  of  head  because  of  the  ineffective- 
>f  sheet  piling  or  a  partial  cutoff  trench, 
or  because  no  such  device  is  provided,  it  is  rec- 
ommended that  the  minimum  size  impervious  zone 
shown  on  figure  120  for  a  dam  on  a  pervious  foun- 
dation he  used  on  all  case  1  pervious  foundations 
for  which  positive  CUtoff  trenches  are  not  provided. 


With  the  minimum  Bize  core  Cen trail}  located  as 
shown    in    figure    120,    the    Btability    Of    the    zoned 

embankment  is  not  greatl}  affected  by  the  nature 

of     the     soil     Comprising     the     cine        The     outside 

slopes  are  governed  largel)  bj  the  stability  of  the 

shell  material        Kock,  we||-e;raded  gravels     <  I  W 

and  poorl\  graded  gravels  (GP    provide  suitable 

material    for    the   shell       Well-graded    s(ln,|    iSU 

and  poorly  graded  sand  SP  are  suitable  if  they 
are  gravelly.  For  any  of  these  materials,  up- 
stream and  downstream  Blopes  of  2  :  l  are  stable 
for  dams  not  exceeding  50  feel  in  height  above  the 
lowest  point  in  the  st reainhed,  even  if  subject  to 
rapid  drawdown. 
Table   16  -hows  the  recommended  slopes  for 

zoned  small  earthfill  dams  with  minimum  and 
maximum  cores.  Slopes  of  zoned  small  earthfill 
dams  with  cores  of  intermediate  size  (including  the 
minimum  core  for  a  dam  on  a  pervious  foundatii 

will  fall  between  those  given  in  the  table  for  < . 
A  and  for  the  appropriate  case  with  maximum 
size  core.  Where  more  than  one  soil  classification 
i-  shown  for  a  set  of  slopes,  it  indicates  that  the 
dam  can  he  constructed  to  these  slopes  iisin<:  any 
one  of  these  soils,  or  any  combination  of  them. 


TaBLI   10.  —  Recommended  slopes  for  small  zoned  earthfill  dams  on  stable  foundations 


Case 

Type 

I'uri>osc 

Subject  to  rapid 
drawdown  ' 

Shell  material  classification 

Core  material  classification  ' 

Cpstream 
slope 

Down- 
stream 
slope 

\ 

Zoned  with  "minimum" 
core.1 

Not  critical  '  . 

Not  critical;   Rockfill.   OW, 
OP,  SW  (gravellj  1,  or  BP 
(gravelly). 

Not  critical,  OC,  ii\l.  BC, 

BM,  OL,  MI.,  cm.  or  Mil. 

2:1 

2:1 

B 

:  with  "maximum" 
con1.' 

1  Mention    or 

stnr 

Not    critical;    Rockfill.    OW, 
OP,  BW  (gravelly),  or  BP 

llyi 

.\l 

2:1 
2K:1 

3:1 

2:1 

-M 

2>*:1 

CI..  MI. 

24:1 

CH,  Mil 

3:1 

c 

Zoned  with  "maximum" 
core.1 

Storagi 

V.  - 

Not    critical;    Rockfill.    OW, 
OP,  .-w    (gravelly),  or  SP 
.  By). 

.  \l                         

3:1 
3'2:1 

2:1 

'.! 

CI..  Ml,    . 

2'2:1 

CH,  MH 

3:1 

1  "Minimum"  and  "maximum"  site  cores  are  as  shown  on  fig.  120. 

»  "Rapid"  drawdown  is  a  tbawdow  n  rati'  of  6  tnonei  or  mote  pet  day  following  prolonged  rtorage  at  Ugh  reaervolr  levek 

>  OL  and  OH  soils  amended  for  major  portions  of  the  cores  of  tarihfill  dams      I'l  -.oils  are  unsiir 

1  dr.iwdoM  D  will  DO)  afled  the  OpattMID  dope  of  a  lotted  embankment  which  has  a  large  upstream  perviou 


E.     EMBANKMENT  DETAILS 


135.  Crest  Design.  The  crest  width  of  an  earth- 
fill  dam  depends  on  several  considerations  such  as: 
( 1)  nature  of  cm  hank  in  en  t  materials  and  minimum 
allowable    percolation    distance    through    the    em- 


hanknient    at    normal    reservoir    water    level. 

height  and  importance  of  Btructun  ble 

roadway   requiremente,  and   (4)  practicability  of 

construction      A  minimum  crest  width  should  be 


202 


DESIGN  OF  SMALL  DAMS 


that  width  which  will  provide  a  safe  percolation 
gradient  through  the  embankment  at  the  level  of 
the  full  reservoir.  Because  of  practical  difficulties 
in  determining  this  factor,  the  crest  width  is,  as  a 
rule,  determined  empirically  and  largely  by  prece- 
dent. The  following  formula  is  suggested  for  the 
determination  of  crest  width  for  small  earthfill 
dams: 


w=-+10 
o 


(12) 


where : 


w= width  of  crest  in  feet,  and 
z= height  of  dam  in  feet  above  lowest  point  in 
the  streambed. 

For  ease  of  construction  with  power  equipment, 
the  minimum  width  should  not  be  less  than  12 
feet.  In  certain  instances  the  minimum  width 
may  be  determined  by  the  requirement  for  a  road- 
way across  the  dam. 

Some  type  of  surfacing  should  be  placed  on  the 
crest  for  protection  against  damage  by  wave 
splash  and  spray,  rainfall  runoff  and  wind,  and 
traffic  wear  and  tear  when  the  crest  is  used  as  a 
roadway.  The  usual  treatment  consists  of  placing 
a  layer  of  selected  fine  rock  or  gravelly  material  to 
a  minimum  thickness  of  4  inches.  In  the  event 
the  crest  constitutes  a  section  of  a  highway,  the 
width  of  roadway  and  kind  of  surfacing  should 
conform  to  those  of  the  highway  with  which  it 
connects.  Surface  drainage  of  the  crest  should  be 
provided  by  a  crown  of  at  least  3  inches,  or  by 
sloping  the  crest  to  drain  towards  the  upstream 
slope.  The  latter  method  is  preferred  unless  the 
downstream  slope  is  protected  against  erosion  by 
surfacing  as  resistant  as  that  afforded  by  the  pro- 
tection on  the  upstream  slope. 

If  the  crest  of  the  dam  is  to  provide  for  a  high- 
way, cable  or  beam-type  guard  rails  are  usually 
constructed  along  both  shoulders  of  the  crest.  If 
a  highway  crossing  is  not  anticipated,  the  crest  can 
be  delineated  by  posts  at  25-foot  intervals  or  by 
boulders  placed  at  intervals  along  the  crest, 
although  in  many  instances  treatment  is  not 
required. 

Suitable  parking  areas  should  be  provided  for 
the  convenience  of  visitors  and  others  at  the  abut- 
ments of  the  dam,  especially  for  a  storage  dam 
whose  lake  will  be  used  for  recreational  purposes. 
Consideration  should  be  given  to  providing  a 
turnaround  where  vehicle  traffic  is  permitted  to 


reach  one  end  of  a  crest  which  dead  ends  into  the 
opposite  abutment. 

Camber  is  ordinarily  provided  along  the  crest 
of  earthfill  dams  to  insure  that  the  freeboard  will 
not  be  diminished  by  foundation  settlement  or 
embankment  consolidation.  Selection  of  amount 
of  camber  is  necessarily  somewhat  arbitrary;  it 
is  based  on  the  amount  of  foundation  settlement 
and  embankment  consolidation  expected  for  a 
particular  dam,  with  the  objective  of  providing 
enough  so  that  some  residual  camber  will  remain 
after  settlement  and  consolidation.  Impervious 
embankment  materials  placed  at  densities  roughly 
corresponding  to  the  Proctor  laboratory  maximum 
will  consolidate  appreciably  when  subject  to 
overlying  fill  loads.  It  is  expected,  however,  that 
the  major  portion  of  this  consolidation  will  take 
place  during  construction  before  the  embankment 
is  completed,  and  therefore  the  expected  founda- 
tion settlement  is  the  more  important  factor.  For 
dams  on  relatively  noneompressible  foundations, 
cambers  of  about  1  percent  of  the  height  are 
commonly  provided.  Several  feet  of  camber  may 
be  required  for  dams  constructed  on  foundations 
which  may  be  expected  to  settle.  Parabolic  or 
straight-line  equations  may  be  used  to  vary  the 
amount  of  camber  and  to  make  it  roughly  pro- 
portional to  the  height  of  the  embankment. 

The  additional  amount  of  embankment  ma- 
terial required  to  provide  camber  in  the  crest  of 
an  embankment  is  nominal,  as  the  increased  height 
to  the  embankment  is  provided  by  pitching  the 
slopes  near  the  crest  of  the  dam.  The  modifica- 
tions to  the  section  of  the  embankment  due  to  the 
addition  of  camber  are  not  taken  into  account  in 
selecting  slopes  for  stability. 

The  crest  details  on  figure  154  show  how  6  inches 
of  camber  was  provided  for  a  46-foot-high  Bureau 
of  Reclamation  dam  (Wasco  Dam),  constructed 
on  a  firm  foundation,  by  steepening  the  embank- 
ment slopes  near  the  top  of  the  dam.  If  more 
camber  had  been  considered  necessary,  the  point 
of  intersection  of  the  steepened  slopes  and  the 
normal  slopes  would  have  been  lowered  to  avoid 
oversteepening.  Figure  154  also  shows  the  profile 
on  the  centerline  of  the  same  dam,  and  the  camber 
diagram  which  varied  the  amount  of  camber  pro- 
portionately to  the  height  of  the  dam  above  the 
bottom  of  the  cutoff  trench  excavation. 

The  crest  details  on  figure  154  also  illustrate 
modifications  to  the  zone  lines  which  are  ordinarilv 
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made  near  the  crests  <>f  coned  embankments  in 
order  to  muni  zones  of  extremely  narrow  width. 
In  tins  rase  the  impervious  /.our  was  narrowed 

near  the  top  of  the  dam  to  avoid  narrow  pervious 
■ones  which  would  be  difficult  to  construct  \ 
minimum  top  width  of  14  feel  was  maintained  for 
the  impervious  /.one  to  insure  adequate  room  for 
compaction  l>\   tamping  rollei  - 

Another  common  modification  to  impervious 
■ones  of  earthfill  dams  consists  of  ending  the  /.one 
below  ( In-  crest  of  the  dam.  as  ahown  in  tlic  crest 
details  on  figure  154.  This  is  done  not  only  to 
facilitate  construction,  but  also  for  other  reasons 
Impervious  /.one--  extending  to  the  top  of  the  dam 
are  subject  to  damage  b}  frost  act  ion,  which  causes 
loosening  of  the  soil,  and  to  the  formation  of 
unsighth  shrinkage  cracks  upon  drying  out  of  the 
soil  However,  the  top  of  the  impervious  core 
must  be  maintained  several  feet  above  the  maxi- 
mum water  surface  to  prevent  excessive  percola- 
tion through  die  embankment  when  the  reservoir 
i-  full  lii  the  example,  the  maximum  water 
Burface  elevation  is  3520  feet  above  sea  level, 
while  the  high  point   of  the  /.one   1    is  at   elevation 

Note  that    the  top  of  the  zone  l  is  also 
sloped  to  facilitate  drainage. 

136.  Freeboard.  Freehoard  is  the  vertical  dis- 
tance between  the  crest  of  the  embankment 
without  camber)  and  the  reservoir  water  surface. 
The  more  specific  term  "normal  freehoard"  is 
defined  as  the  difference  in  elevation  between  the 
-i  of  the  dam  and  the  normal  reservoir  water 
level  a>  fixed  bj  design  requirements.  The  term 
"minimum  freehoard"  is  defined  as  the  difference 
in  elevation  between  the  crest  of  the  dam  and  the 
maximum  reservoir  water  surface  that  would 
result  should  the  inflow  design  flood  occur  and 
should  the  outlet  works  and  spillway  function  as 
planned.  The  difference  between  normal  and 
minimum  freehoard  represents  the  surcharge  head 
(sec.  lsl  If  the  spillway  is  uncontrolled,  there 
will  always  he  a  surcharge  head;  if  the  spillway  is 
gated,  it  is  possible  for  the  normal  and  minimum 
freeboards  to  he  identical. 

A  distinction  is  made  between  normal  and 
minimum  freeboards  because  of  the  different 
requirements  for  freeboard  if  surcharge  head  is 
involved.  The  normal  freehoard  must  meet  the 
requirements  for  longtime  Btorage.     It   must   be 

sufficient  to  prevent  Beepage  through  a  core  which 

has  been  loosened   l>\    frost   action  or  which  has 


cracked  due  to  drying  out      This  is  <>f  particular 

importance  for  a  dam  whose  core  i-  a  ('I.  or  ('II 
material  when  located  in  areas  where  either  \  n  \ 
cold  or  very  hot  dry  climates  are  encountered.       It 

must  also  he  sufficient  to  prevent  overtopping  of 
the  embankment   by  abnormal  and  severe  wave 

action  of  rare  occurrence  that  iniiv  result  from 
unusual  sustained  winds  of  high  velocity  from  a 
critical  direction 

Minimum     freeboard     is     provided     to     prevent 

overtopping  of  the  embankment  by  wave  action 

which  may  coincide  with  the  occurrence  of  the 
inflow  design  Hood.  Minimum  freehoard  also 
provides  a  safety  factor  against  many  contingen- 
cies such  as  settlement  of  the  dam  more  than  the 
amount  anticipated  in  selecting  the  camher, 
occurrence  of  an  inflow  flood  somewhat  larger 
than  the  inflow  design  flood,  or  malfunction  of 
spillway  controls  or  outlet  works  with  an  increase 
in   maximum   water  surface  ahove   that   expected. 

In  some  instances,  especially  where  the  maximum 
probable  inflow  is  used  as  a  hasis  for  design,  the 
minimum  freehoard  may  he  established  on  the 
assumption  that  the  dam  should  not  be  overtopped 

as  a  result  of  malfunction  of  the  controlled  spillway 
or  outlet  works  which  would  result  from  human  or 
mechanical  failure  to  open  gates  or  valves.  In 
such  instances,  allowances  for  wave  action  or  other 
contingencies  usually  are  not  made. 

The  rational  determination  of  freehoard  would 
require  a  determination  of  the  height  and  action 
of  waves.  The  height  of  waves  generated  l>y 
winds  in  a  reservoir  depends  on  the  wind  velocity, 
the  duration  of  the  wind,  the  fetch,'  depth  of  water, 
and  the  width  of  the  reservoir.  The  height  of  the 
waves  as  they  approach  the  upstream  face  of  the 
dam  may  he  altered  by  the  increasing  depth  of 
water,  or  by  the  decreasing  width  of  reservoir. 
Upon  contact  with  the  face  of  the  dam.  the  effect 
of  waves  is  influenced  by  the  angle  of  the  wave 
train  with  the  dam.  the  slope  of  the  upstream  face, 
and  the  texture  of  the  slope  surface.  The  sloping 
face  of  an  earthfill  dam  allows  the  waves  to  move 
up  the  inclined  plane  and  expend  part  of  their 
energy  in  raising  the  water  instead  of  in  direct 
force  upon  the  face  itself,  as  against  a  vertical 
wall.      The    rough    surface   of   dumped    riprap    re- 


1  Fried  Is  I  lie  dM.ino  OVW  which  (In-  wind  call  Id  on  a  lm. I y  of  water.      It 

■  generally  defined  m  the  normal  distance  from  the  windward  shore  to  the 
ttructure  betni  tlialgnoil.  although  the  'viVc'iv,-"  fetch  may  have  a  slightly 

curved  path,  as  In  I  lie  oaM  ol  the  wind  I  Weeping  down  a  Wtndtni  river  valley 

between  land  ridi 
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duces  wave  uprush  to  approximately  1.5  times  the 
height  of  the  wave,  but  uprush  may  be  con- 
siderably more  for  smooth  surfaces  such  as  con- 
crete. Because  there  are  no  specific  data  on 
wave  height  and  wave  rideup  the  determination 
of  freeboard  requires  judgment  and  consideration 
of  local  factors. 

A  summary  of  empirical  formulas  proposed  for 
determination  of  wave  heights  is  given  in  an 
American  Society  of  Civil  Engineers  report  [28], 
from  which  the  following  table  was  extracted : 


Fetch,  miles 

Wind  velocity, 
miles  per  hour 

Wave 
height,  feet 

1 

50 
75 
50 
75 

100 
50 
75 

100 
50 
75 

100 

2  7 

1 _ _ 

3.0 

2.5... I 

3  2 

2.5 

3  6 

2.5 

3  9 

5 _ _ 

3.7 

5 

4.3 

5 

4.8 

10 

4.5 

10 

5.4 

10 

6.1 

All  conditions  affecting  exposure  of  the  dam  to 
the  wind  must  be  considered  in  selecting  the 
maximum  wind  velocity.  It  is  believed  that  from 
a  geographical  standpoint  no  locality  is  safe  from 
an  occurrence  of  winds  of  up  to  100  miles  per  hour 
at  least  once  during  a  period  of  many  years, 
although  a  particular  site  may  be  topographically 
sheltered  so  that  the  reservoir  is  protected  from 
sustained  winds  of  high  velocity.  Under  these 
conditions  velocities  of  75  or  even  50  miles  per 
hour  may  be  used. 

For  the  design  of  small  dams  with  riprapped 
slopes,  it  is  recommended  that  the  freeboard  be 
sufficient  to  prevent  overtopping  of  the  dam  due 
to  wave  rideup  equal  to  1.5  times  the  height  of 
the  wave  as  interpolated  from  the  above  tabula- 
tion, measured  vertically  from  the  still  water  level. 
Normal  freeboard  should  be  based  on  a  wind 
velocity  of  100  miles  per  hour,  and  minimum  free- 
board on  a  velocity  of  50  miles  per  hour.  Based 
on  these  assumptions  and  on  other  considerations 
of  the  purpose  of  freeboard,  as  previously  dis- 
cussed, the  following  tabulation  lists  the  least 
amount  recommended  for  both  normal  and  mini- 
mum freeboard  on  riprapped  earthfill  dams;  the 
design  of  the  dam  should  satisfy  the  most  critical 
requirement. 


Fetch,  miles 

Normal 

freeboard, 

feet 

.Minimum 

freeboard, 

feet 

Less  than  1.. _  

4 

5 
6 
8 
10 

3 
4 
5 
Q 

1 

2.5 

5 

10 

7 

An  increase  in  the  freeboard  shown  above  for 
dams  where  the  fetch  is  2.5  miles  and  less  may  be 
required  if  the  dam  is  located  in  very  cold  or  in 
very  hot  dry  climates,  particularly  if  CL  and  CH 
soils  are  used  for  construction  of  the  cores.  It  is 
also  recommended  that  the  amount  of  freeboard 
shown  in  the  tabulation  be  increased  by  50  percent 
if  a  smooth  pavement  is  to  be  provided  on  the 
upstream  slope. 

137.  Upstream  Slope  Protection. — (a)  General. — 
The  upstream  slopes  of  earthfill  dams  must  be 
protected  against  destructive  wave  action.  In 
some  instances,  provision  must  be  made  against 
burrowing  animals.  Usual  types  of  surface  pro- 
tection for  the  upstream  slope  are  rock  riprap, 
either  dry-dumped  or  hand-placed,  and  concrete 
pavement.  Other  types  of  protection  that  have 
been  used  are  steel  facing,  bituminous  pavement, 
precast-concrete  blocks,  and  (on  small  and  rela- 
tively unimportant  structures)  willow  mattresses 
and  sacked  concrete.  The  upstream  slope  pro- 
tection should  extend  from  the  crest  of  the  dam 
to  a  safe  distance  below  minimum  water  level 
(usually  several  feet)  and  ordinarily  should 
terminate  on  a  supporting  berm. 

(b)  Selection  of  Type  of  Protection. — Experience 
has  shown  that  in  the  majority  of  cases  dumped 
riprap  furnishes  the  best  type  of  upstream  slope 
protection  at  the  lowest  ultimate  cost.  Approxi- 
mately 100  dams,  located  in  various  sections  of 
the  United  States  with  a  wide  variety  of  climatic 
conditions  and  wave  severity,  were  examined  by 
the  U.S.  Corps  of  Engineers  as  a  basis  for  estab- 
lishing the  most  practical  and  economical  means 
for  slope  protection  [29].  The  dams  were  from 
5  to  50  years  old  and  were  constructed  by  various 
agencies.     This  survey  found  that: 

(1)  Dumped  riprap  failed  in  5  percent  of 
the  cases  where  used,  failures  being  attributed 
to  improper  size  of  stones. 

(2)  Hand-placed  riprap  failed  in  30  percent 
of  the  cases  where  used,  due  to  the  usual 
method  of  single-course  construction. 
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1    mcrete  pavement  failed  in  36  percent 

of  the  cases  where  used,  due  generally  to  the 

inherent    deficiencies   of    tin-    type   of   con- 

Btrucl  ion. 

This    Burvej     substantiated    the    premise    that 

{lumped  riprap  is  by  far  (In-  preferable  type  of 

upstream  dope  protection,     The  excellent  service 

rendered   by  dumped   riprap  is  exemplified   in   the 

Base    of   ("old    Springs    Dam,    constructed    by    tlie 

Bureau  of  Reclamation.  Figure  12 1  Bhows  the 
condition  of  the  riprap  <>n  the  upstream  slope  of 

this    dam    after    .'>(>    years    of    service.      The    only 

maintenance  required  during  that  period  has  been 

the  replacement  of  some  riprap  which  was  dis- 
lodged near  the  center  of  the  dam  by  a  particu- 
larly Bevere  storm  in  1931.  Although  some 
beaching  action  has  taken  place  subsequently,  it 
has  not    been   Bevere  enough   to  require  further 

maintenance. 

The  superiority  of  dumped  rock  riprap  for 
Upstream  slope  protection  and  its  low  cost  of 
maintenance  compared  to  other  types  of  protec- 
tion have  been  demonstrated  so  convincingly  that 
it  has  been  considered  economical  to  import  rock 
from  considerable  distances  to  avoid  construction 
of  other  types  of  slope  protection  for  major  dams. 
For  example,  the  Bureau  of  Reclamation  has 
imported  rock  from  sources  which  required  a  rail 
haul  of  over  200  miles  and  a  truck  haul  of  24  miles 
from  the  railhead  to  the  dam,  and  the  Corps  of 
Engineers  has  imported  rock  from  a  distance  of 
1  70  mil' 


When   the   nearest    source  of  bui table   rock   is 

located  far  from  the  site,  and  especially  when  only 

small  quantities  arc  involved,  ii  inu\  be  economi- 
cal to  use  hand-placed  riprap  despite  its  higher  unit 
cost  for  labor  and  material  because  a  leaser  thick- 
ness ina\  he  used.  I  land-placed  riprap  i-  satis- 
factory where  not  exposed  to  hea\  \  ne  condition-. 
but    the  rock   must    he  of  better  quality   than   the 

minimum  Buitable  for  dumped  riprap,  and  place- 
ment must  be  such  that  the  hand-placed  riprap 
approaches  good  dry  rubble  in  quality  and  appear- 
ance. It  should  he  recognized  that  hand-placed 
riprap  is  not  as  flexible  as  dumped  riprap,  Bince  it 
cannot  adjust  itself  as  well  to  foundation  or  local 
settlement-  Consequently,  hand-placed  riprap 
should   not    he   used   where  Considerable  settlement 

i-  expected. 

Concrete  paving  deserves  serious  consideration 
for  upstream  slope  protection  where  the  use  of 
riprap  is  too  expensive  hecause  of  high  transporta- 
tion COStS.  The  BUCCeSS  of  concrete  pavement  as 
a  slope  protection  medium  depends  on  the  evalua- 
tion of  field  conditions  and  the  assumptions  made 
as  to  the  behavior  of  the  embankment  and  the 
ability  of  the  paving  to  resist  cracking  and  de- 
terioration. Concrete  pavement  has  proved  to  be 
satisfactory  in  some  cases  under  moderate  wave 
action.  An  example  is  at  McKay  Dam.  con- 
structed by  the  Bureau  of  Reclamation  near 
Pendleton,  Oreg.  This  pavement,  although  ex- 
posed to  severe  weather  conditions,  is  in  excellent 
condition  after  more  than  30  years  of  service,  as 
shown  in  figure  122. 


Figurt  111.  Riprap  on  upstream  slope  of  an  earthfill  dam  in 
excellent  condition  after  50  yean  of  service.  The  structure  is 
Cold  Springs  Dam,  which  forms  an  offstrcam  reservoir  on  the 
Umalilla  project  in  Oregon.      IO-2194. 


Figurt  111.  Paved  upstream  slope  of  an  earthfill  dam  in  ex- 
cellent condition  after  30  years  of  service.  The  structure  is 
McKay  Dam  on  a  tributary  of  the  Umatilla  River  in  Oregon. 
IO-2198 
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Where  severe  wave  action  is  anticipated,  con- 
crete pavement  appears  practicable  only  when  the 
settlement  within  the  embankment  after  con- 
struction will  be  insignificant.  In  comparing  the 
cost  of  concrete  pavement  and  riprap,  the  cost  of 
any  additional  foundation  measures  necessary  to 
minimize  settlement  and  the  additional  freeboard 
required  because  of  greater  wave  rideup  on  the 
smooth  surface  should  be  considered. 

Other  types  of  upstream  slope  protection,  such 
.as  precast  concrete  blocks,  bituminous  paving, 
soil-cement,  and  steel  facing,  should  be  considered 
only  in  very  unusual  circumstances.  Bituminous 
paving  and  soil-cement  paving  are  experimental 
types.  Precast  concrete  blocks  and  steel  facing 
are  types  which  are  usually  not  competitive  from 
a  cost  standpoint  and  which,  in  general,  have  poor 
service  histories.  Willow  mattresses  and  sacked 
concrete  should  be  used  only  on  very  minor  struc- 
tures, and  then  only  when  the  cost  of  a  more 
permanent  type  of  slope  protection  is  prohibitive. 

For  purposes  of  this  text,  the  designs  of  the 
following  types  of  slope  protection  are  discussed: 
Dumped  rock  riprap,  hand-placed  rock  riprap, 
concrete  pavement,  and  brush  mattresses. 

(c)  Dumped  Rock  Riprap. — Dumped  rock  riprap 
consists  of  stones  or  rock  fragments  dumped  in 
place  on  the  upstream  slope  of  an  embankment  to 
protect  it  from  wave  action.  The  riprap  is  placed 
on  a  properly  graded  filter  which  may  be  a  spe- 
cially placed  blanket  or  may  be  the  upstream  zone 
of  a  zoned  embankment.  Figure  123  shows  rip- 
rap being  placed  on  Bonny  Dam,  constructed  by 
the  Bureau  of  Reclamation.     This  riprap  is  com- 


Figure  123.  Placing  riprap  on  upstream  slope  of  Bonny  Dam. 
Riprap  was  placed  on  graded  filter  visible  in  foreground. 
Bonny  Dam  is  on  the  South  Fork  of  the  Republican  River  in 
Colorado. 


posed  of  angular  granite  gneiss  rock  of  high  specific 
gravity  and  of  excellent  quality. 

The  efficacy  of  dumped  rock  riprap  depends  on 
the  following  characteristics: 

(1)  Quality  of  the  rock. 

(2)  Weight  or  size  of  the  individual  pieces. 

(3)  Thickness  of  the  riprap. 

(4)  Shape  of  the  stones  or  rock  fragments. 

(5)  Slopes  of  the  embankment  on   which 
the  riprap  is  placed. 

(6)  Stability  and  effectiveness  of  the  filter 
on  which  the  riprap  is  placed. 

Rock  for  riprap  should  be  hard,  dense,  and 
durable,  and  should  be  able  to  resist  long  exposure 
to  weathering.  Most  of  the  igneous  and  meta- 
morphic  rocks,  many  of  the  limestones,  and  some 
of  the  sandstones  make  excellent  riprap.  Lime- 
stones and  sandstones  that  have  shale  seams  are 
undesirable.  The  suitability  of  rock  for  riprap 
from  a  quality  standpoint  is  determined  by  visual 
inspection,  by  laboratory  tests  to  determine  the 
resistance  to  weathering  and  to  abrasion,  and  by 
petrographic  examination  to  determine  the  struc- 
ture of  the  rock  as  it  affects  its  durability.  The 
laboratory  tests  are  described  in  chapter  IV. 

The  individual  pieces  must  be  of  sufficient 
weight  to  resist  displacement  by  wave  action, 
which  is  not  necessarily  a  function  of  the  height  of 
the  dam.  It  is  a  misconception  to  consider  that 
large-size  rocks  are  needed  only  on  higher  struc- 
tures, while  small-size  rocks  will  afford  ample 
slope  protection  for  low  fills,  without  regard  to 
factors  such  as  wind  velocity,  wind  direction,  and 
fetch  distance.  This  can  be  demonstrated  by 
comparing  figure  124  with  figure  121.  Cold 
Springs  Dam  (fig.  121)  is  a  90-foot-high  dam  whose 
upstream  slope  is  protected  by  a  24-inch  layer  of 
basalt  rock  with  the  average  weight  of  the  larger 
fragments  probably  not  exceeding  100  pounds. 
The  wave  action  on  this  reservoir  is  not  severe,  and 
the  riprap  has  given  satisfactory  service  for  50 
years  with  relatively  little  maintenance  required. 
Figure  124  shows  riprap  containing  relatively 
large  fragments  that  has  been  dislodged  from  the 
upstream  slope  of  a  low  dike  section  of  another 
dam  subject  to  heavier  wave  action. 

The  weight  or  size  of  the  individual  pieces  re- 
quired to  resist  displacement  by  wave  action  may 
be  determined  theoretically  by  the  methods  given 
in  the  American  Society  of  Civil  Engineers  report 
referred  to  in  the  discussion  of  freeboard  require- 
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Figurt  7  24.      Displacement  of  riprap  on   a    low   dike   by    wave 
action. 

menu  [28).     This  method  is  based  on  the  premise 

that  the  force  a  wave  exerts  on  riprap  Stom 
the  face  of  a  dam  cannot  he  greater  than  that  of  a 
current  flowing  at  a  velocity  equal  to  the  velocity 
of  the  water  particles  of  the  wave.  These  theo- 
retical methods  are  in  good  agreement  with  the 
experience  and  analysis  of  results  obtained  on  a 
large  number  of  earthfill  dams  by  the  Bureau  of 
Reclamation. 

The  thickness  of  the  riprap  should  he  sufficient 

to  accommodate   the  weight    and   size  of  atone 

--ary  to  resist  wave  action.  The  Bureau  of 
Reclamation  has  found  a  3-foot  thickness  of 
dumped  riprap  to  he  generally  most  economical 
and  satisfactory  for  major  dam-  Lesser  thick- 
ged  on  low  dams  or  on  dike  sections 
where  wave  action  will  be  Less  severe  than  on 
principal  structures      Less  thickness  also  has  been 

led  for  the  upper  slopes  of  dams  whose  reser- 
voirs are  largely  allocated  to  Hood  control,  because 
of  the  infrequent1  and  short  periods  of  time  that 
the  upper  slopes  are  Bubject  to  wave  action. 
Greater  thicknesses  have  been  -pecified  in  cases 
where  rock  having  a  low  specific  gravity  (less  than 
2.50)  was  used  Table  17  shows  the  recom- 
mended thickness  and  gradation  of  dumped  rock 
riprap  for  small  dams  for  various  fetches,  baaed 
on  theoretical  considerations  and  the  experience 
and  practice  of  the  Bureau  of  Reclamation 

The    shape    of    the    individual    stones    or    rock 

fragments  influences  the  ability  of  the  riprap  to 

resist     displacement     by     wave     action       Angular 

fragments  of  quarried  rock  tend  to  interlock  and 

displacement    better  than   do   boulders   and 
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rounded  cobbles       The    values    given    in    table     17 

are   for  angular  quarried   rock      If  boulders  or 

rounded  cobbles  are  to  be  used  such  as  -how  n  in 

figure  19  a  thicker  layer  containing  larger  -i/.e- 
may  be  required,  or  the  slope  of  the  embankment 

may  need  to  be  made  flatter  than  required  for 
stability  m  order  for  tin-  boulder  and  cobble  riprap 
in  stay  in  place  especially  if  cobbles  of  relatively 
uniform  diameter  are  to  be  i, 

Table  17  is  for  riprap  thickness  and  gradation 
on  3  :  1  slopes.  For  2  :  1  slopes,  the  nominal 
thickness  required  (except  the  36-inch  thickness 

should  be  increased  by  ti  inches  and  the  cor- 
responding gradation  used 

A  layer  or  blanket  of  graded  gravel  -hould  be 
provided  underneath  the  riprap  when  the  com- 
pacted material  of  the  underlying  earthfill  is  of 
such  gradation  that  there  is  danger  that  fines  may 
be  washed  out  through  the  voids  in  the  riprap  by 
wave  action,  resulting  in  undermining  of  the  rip- 
rap A  blanket  is  usually  not  required  if  the  outer 
zone  of  a  zoned  embankment  is  gravel.  Blank 
of  crushed  rock  or  natural  gravel  graded  from 
\6  to  3  b  inches  with  a  thickness  equal  to  one-half 
the  thickness  of  the  riprap  (but  not  less  than  12 
inches)  have  proved  satisfactory  in  practice. 
The  blanket  gradation  may  be  determined  more 
exactly  by  the  filter  criteria  given  in  section 
1260 

(d)  Hand-Placed  Rock  Riprap      A  good  example 
of  hand-placed  rock  riprap  is  shown  in  figure  125 
The  upstream  slope   protection   is  in   an   excellent 

state  of  preservation  after  Au  years  of  service 
Hand-placed   riprap  consists  of  -tone-  carefully 

laid  by  hand  in  a  more  or  less  definite  pat  tern 
with  a  minimum  amount  of  voids  and  with  the 
top  surface  relatively  smooth  Rounded  or  ir- 
regular stones  lay  up  lees  satisfactorily  and  rapidly 
than   stone   which    is   roughly   square;   stone   of  a 
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flat,  stratified  nature  should  be  placed  with  the 
principal  bedding  planes  normal  to  the  slope. 
Joints  should  be  broken  as  much  as  possible,  and 
joint  openings  to  the  underlying  fill  should  be 
avoided  by  carefully  arranging  the  various  sizes 
of  stones  and  closing  the  openings  with  spalls  or 
small  rock  fragments.  However,  there  should  be 
enough  openings  in  the  surface  of  the  riprap  to 
vent  the  subsurface  properly. 

Stone  for  hand-placed  rock  riprap  must  be  of 
.excellent  quality.  The  thickness  of  hand-placed 
rock  riprap  should  be  one-half  of  the  thickness 
required  for  dumped  rock  riprap  but  not  less  than 
12  inches,  and  a  filter  blanket  should  be  provided 
underneath  the  riprap  if  the  underlying  zone  of 
the  earthfill  dam  is  not  gravel. 


m^m^- 


Figure  125.  Hand-placed  rock  riprap  on  Indian  Creek  dike, 
an  oKstream  dike  for  Strawberry  Reservoir,  part  of  a  trans- 
mountain  diversion  project  in  Utah. 

(e)  Concrete  Paving. — If  a  complete  history 
could  be  gathered  concerning  the  numerous 
instances  where  concrete  paving  was  used  for  the 
protection  of  the  upstream  slopes  of  small  dams, 
it  would  be  found  that  the  number  of  failures  is 
tremendous.  However,  the  fact  that  some  struc- 
tures protected  with  concrete  facings  have  with- 
stood the  test  of  time  continues  to  lead  engineers 
to  use  this  type  of  construction,  often  without 
sufficient  reference  to  other  past  performance 
records.  A  properly  designed  and  constructed 
concrete  facing  is  never  cheap.  The  uncertainty 
and  complexity  of  the  forces  which  ma}7  act  on  a 
concrete  paving  makes  it  desirable  to  use  con- 
servative treatment  whenever  this  type  of  slope 
protection  is  considered.  The  recommendations 
that  follow  should  provide  the  necessary  degree  of 
conservatism,  but  the  number  of  situations  studied 
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is  so  limited  that  there  is  no  assurance  that  ade- 
quate consideration  has  been  given  to  every  type 
of  hazard  that  may  be  encountered. 

Concrete  paving  used  for  slope  protection  should 
extend  from  the  crest  of  the  dam  to  several  feet 
below  the  minimum  water  surface.  It  should 
terminate  on  a  berm  and  against  a  concrete  curb 
or  header  which  should  extend  at  least  18  inches 
below  the  undersurface  of  the  paving. 

For  dams  approaching  50  feet  in  height,  a 
paving  thickness  of  8  inches  is  recommended;  the 
minimum  thickness  for  lower  dams  should  be  6 
inches.  Although  concrete  paving  has  been  con- 
structed in  blocks,  the  generally  favored  method 
which  has  given  the  best  service  is  to  make  the 
paving  monolithic  to  the  greatest  extent  possible, 
with  every  measure  taken  to  prevent  access  of 
water  and  consequent  development  of  hydrostatic 
pressures  underneath  the  concrete.  The  good 
service  given  by  the  concrete  pavement  on  the 
upstream  slope  of  McKay  Dam  (fig.  122)  is 
attributed  to  monolithic  type  of  construction, 
durability  of  concrete,  little  settlement  of  the  dam 
or  foundation,  and  pervious  nature  of  underlying 
fill  which  prevents  development  of  hydrostatic 
uplift  pressures  even  though  a  minor  amount  of 
cracking  has  occurred. 

In  contrast  with  the  success  of  concrete  paving 
at  McKay  Dam  is  the  experience  of  the  Bureau 
of  Reclamation  with  the  concrete  paving  at  Belle 
Fourche  Dam.  In  this  instance  monolithic  con- 
struction was  not  used.  The  paving  consists  of 
8-inch-thick  blocks,  6  feet  6  inches  by  5  feet, 
placed  directly  upon  the  impervious  underlying 
embankment.  The  condition  of  the  paving  after 
40  years  of  service  is  shown  in  figure  126.  Con- 
siderable maintenance  of  the  paving  has  been 
required  through  the  years;  a  number  of  the 
blocks  have  been  displaced  and  broken  up  by 
wave  action  and  uplift  forces  under  the  slabs. 
Compared  to  the  general  service  record  of  riprap 
or  the  concrete  pavement  in  figure  122,  this  slope 
protection  design  cannot  be  deemed  successful. 

If  monolithic  construction  is  not  possible, 
expansion  joints  should  be  kept  to  a  minimum 
and  construction  joints  should  be  spaced  as 
widely  as  possible.  The  slab  should  be  reinforced 
with  bars  in  both  directions,  placed  at  middepth 
of  the  slab,  and  made  continuous  through  the 
construction    joints.     An    area    of   steel    in    each 
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direction  equal  i«>  0.5  percent  »>f  the  area  of  the 
concrete  is  considered  good  practice,  Joints 
should  !>••  Bealed  with  plastic  fillers,  and  subse- 
quenl  open  cracks  in  the  concrete  should  be 
grouted  or  Bealed  promptly. 

(f)  Brush  Mattnssts  Brush  mattresses,  usually 
of  uillou,  tamarisk,  or  cottonwood,  when  em- 
ployed on  -mall  dams  ai  i  substitute  for  more 
oostl)  Burface  protection,  are  made  of  saplings 
l  to  2  inches  in  diameter  and  as  long  as  _'o  feet, 
issembled  in  bundles  12  to  18  indies  in  diameter 
and  tied  with  wire  The  bundles  are  hud  on  the 
face  of  the  dam,  Length*  ise  of  the  slope  with  butts 
downhill,  and  are  then  woven  together  with  heavy 

wire    or    cable.      The    cable    is    anchored    to    stout 


Figure  126.  Concrete  paving  blocks  on  the  upstream  slope  of 
Belle  Fourche  Dam.  Note  deteriorated  condition  of  this 
type  of  paving  after  40  years'  service  in  spite  of  considerable 
maintenance.  Belle  Fourche  Dam  is  an  earthfill  structure  on 
a  tributary  of  the  Belle  Fourche  River  in  South  Dakota. 

posts  set  deep  into  the  embankment  or  preferably 

to  concrete  anchor  blocks.  Tie  cables  should  be 
not  over  3  feet  apart,  and  closer  if  a  single-strand 
heavy  wire  is  used.  The  mat  should  have  a 
minimum  thickness  of  1  foot  for  small  dams  and 
l)j  to  2  feet  for  larger  structures  A  fundamental 
objection  to  brush  mats  is  the  need  for  frequent 
replacement . 

138.  Downstream  Slope  Protection.  If  the  down- 
stream zone  of  an  embankment  consist-  of 
rock  or  cobble  fill,  no  -penal  surface  treatment 
of  the  slope  is  necessary.  Downstream  slopes  of 
homogeneous  dams  or  dams  with  outer  sand  and 
gravel  zones  should  be  protected  against  erosion 
by  wind  and  rainfall  runofF  by  a  layer  of  rock, 
OObbli  Jod       Because   of   the   uncertainty    of 


obtaining  adequate  protection  by  vegetative  covo 
at  many  damsites  especially  in  arid  regions,  pro- 
tection by  cobbles  or  rock  is  preferred,  and  Bhould 

be  used  where  the  COSt   is  not   prohibitive        La\ 
24  inches  thick  are  easier  to  place,   but   a    lL'-inch- 
thick  layer  UBUallj    affords  Sufficient   protection 
If  grasses  are  planted,  those  suitable  for  a  given 

locality  should  be  selected  Figure  127  shows  the 
native  grasses  which  have  protected  the  down- 
stream slope  of  Belle  Fourche  Dam  of  the  Bureau 
of  Reclamation  from  erosion  for  40  years  Two 
drainage  berms,  one  of  which   is  shown   in   the 

photograph,  are  located  on  the  downstream  slope 
of  this  115-foot-high  dam.  Usually  fertilizer  and 
uniform  sprinkling  of  the  seeded  areas  irv 

to  promote  the  germination  and  foster  the  growth 
of  grasses  Appendix  (i  contains  -ample  specifica- 
tions for  placing  top-oil.  planting  seed,  and  watering 

the  seeded  area  until  completion  of  const  ruction. 

139.  Surface  Drainage.  The  desirability  of  pro- 
viding facilities  to  take  care  of  surface  drainage  on 
the  abutments  and  valley  floor  is  often  overlooked 
in  the  design  of  earthfill  dams.  The  result  is  that, 
although  the  upstream  and  downstream  slopes 
and  the  crest  of  the  dam  are  protected  againsl 
erosion,  unsightly  gullying  takes  place  at  the 
contact  of  the  embankment  with  earth  abutments 
from  which  vegetation  has  been  removed  during 
the  construction  operations,  especially  if  the 
abutments  are  steep. 

This  condition  is  most  likely  to  develop  along 
the  contact  of  the  downstream  slope  with  the 
abutments.  Gullying  can  usually  be  controlled 
by  constructing  a  gutter  along  the  contact  The 
gutter  may  be  formed  of  cobble-  or  rock  used  in 
the  downstream  surfacing.  If  the  downstream 
slope  is  seeded,  a  concrete,  asphalt,  or  dry-rock 
paved  gutter  should  be  provided.  The  likelihood 
of  gullying  of  the  abutments  and  gentle  -lope-  of 
the  valley  floor  by  runoff  from  the  downstream 
slope  of  the  dam  also  should  be  considered :  contour 
ditches  or  open  drains  may  be  needed  to  control 
erosion.  Figure  128  shows  typical  sections  of 
a  contour  ditch  and  an  open  drain. 

Attention  should  also  be  given  to  the  construc- 
tion of  outfall  drains  or  channel-  to  conduct  the 
toe  dram  discharge  away  from  the  downstream 
toe  of  the  embankment  BO  that  an  unsightly  boggy 
area  will  not  be  created.  The  need  for  surface 
drainage  facilities  and  the  most  appropriate  type 
for  a  particular  site  can  usually  best  be  determined 
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Figure  127.     Downstream  slope  of  Belle  Fourche  Dam  protected  by  grass. 


Material   from  ditch  excavation 
to  be  located  on  down  slope  side., 


'"Originol   ground    surface 
(A)  CONTOUR   DITCH 


Downstream 
toe  of  dam- 


Original   ground  surface 


IZ"DryrocK  paving  bedded  on 
3"  of  sand  and  gravel  or  crushed  rock 


(B)  PAVED   OPEN    DRAIN 

Figure  128.     Typical  sections  of  contour  ditch  and  open  drain. 


by  field  examination  prior  to  or  during  construc- 
tion. 

1 40.  Flared  Slopes  at  Abutments. — If  necessary, 
embankment  slopes  may  be  flared  at  the  abut- 
ments to  provide  flatter  slopes  for  stability  or  to 
control  seepage  through  a  longer  contact  of  the 
impervious  zone  of  the  dam  with  the  abutment. 
If  the  abutment  is  pervious  and  if  a  positive  cutoff 
cannot  be  attained  economically,  it  may  be 
possible  to  obtain  the  effect  of  an  upstream  blanket 
by  flaring  the  embankment.  The  design  of  the 
transition  from  normal  to  flared  slopes  is  governed 
largely  by  the  topography  of  the  site,  the  length  of 
contact  desired,  and  the  desirability  of  making  a 
gradual  transition  without  abrupt  changes  for  ease 
of  construction  and  for  appearance. 


F.    DESIGN  EXAMPLES  OF  SMALL  EARTHFILL  DAMS 


1 41 .  General. — The  designs  of  25  Bureau  of 
Reclamation  earthfill  dams  are  discussed  briefly 
in  the  next  section.  With  only  a  few  exceptions 
these  dams  are  less  than  50  feet  in  height  above  the 


original  streambed,  or  are  dikes  of  that  size  con- 
structed in  conjunction  with  larger  dams.  The 
few  exceptions  were  included  to  illustrate  designs 
for  unusual   conditions  which  were  not   encoun- 
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tared  in  the  construction  of  anj  of  the  smaller 
dam-  These  exception--,  however,  were  chosen 
so  thai  <  >  r  1 1  \  dami  less  than  LOO  feel  in  height 
above  the  original  Btreambed  are  involved. 

These  designs  include  Bmall  earthfill  dams  con- 
itructed  l>\  the  Bureau  of  Reclamation  since  1030. 
()nl\  -i  of  these  dams  were  constructed  prior  to 
1940,  B  were  constructed  in  the  I940's,  and  the 
remaining  13  dam--  were  completed  between  1950 

and   1958  Or  were  under  construction  at   the  latter 
tune       Man\     minor    dike-,    constructed     in     con 
junction  with  Btorage  dams  or  canal  BVBtems  were 

omitted  because  of  their  similarity  to  other  designs 
which  are  show  n 

The  purpose  of  these  examples  is  to  illustrate 

the  variety  of  designs  that  were  conceived  to  meet 
widely    varying  conditions   in   foundations  and   in 

availability  of  construction  materials.     Without 

exception,  the  completed  structures  have  given 
Satisfactory  Bervice  and  no  serious  or  COStlj  main- 
tenance problems  have  arisen.  On  the  other 
hand,  even  tlie  older  designs  do  not  appear  to  he 
iinduK    conservative   and    costlv.      It    is    believed 


that  a  designer  of  small  earthfill  dam-  can  glean 
valuable  ideas  from  a  -tud\  of  these  examples 

142.  Maximum  Sections.  Figures  129  to  154,  in- 
clusive, show  the  maximum  sections  of  small  earth- 
fill  dam-  constructed  l.\  the  Bureau  of  Reclama- 
tion.    A  brief  explanation  of  each  of  the  designs 

follow  - 

Mtux    Reservoii     Worth    </"' 
Tins  dike  was  constructed  as  part  of  a  masonry 

dam.      The  cutoff   trench   width   is  narrower   than 

recommended  for  modern  practice;  otherwise  the 
design  chisels   conforms  to  the  recommendations 

made  in  this  text.  Note  the  downstream  -lope 
protection,  the  crest  surfacing,  and  the  foundation 
toe  drain. 

(b  .1/m/<;  Pnii,  {Jig.  ISO).  Tin-  design  con- 
forms to  modern  practice  except  for  the  narrow 
bottom  width  of  the  cutoff  trench  and  the  narrow 

berms  on  the  upstream  and  downstream  slo] 

Modern  practice  requires  wider  widths  to  accom- 
modate equipment;  furthermore,  downstream 
slope  berms  are  no  longer  common  on  low  dams 

Note  the  gravel  downstream  toe  which  effectively 


Storage- 164,300 a  F 

NWS  El  I559-- 


2}  Riprap  on  6"  Gravel- 
Max  W  S  Ei  1564-^ 


\<-24'--A,    —6" Gravel   surfacing 

,-Hrest   El  1571  Length-940' 

-24" Rock  fill 
Silt,  clay,  sand  B     \Sn^L>-  -li  i 
Bl  rolled  to  6"  layers  ^^^^         ,-El.i547 


Variable  -  iO'  Min--^ 

18" Mm  for  water  depths  under  10',  •,..'■      \_ 

add  6"  for  each  additional  iO  depth  J    ^l0  ■*"   «    ~^-0lay  or  shale 

L<. ,J 

^Variable 


•Toe  dram 


Volume- 70,  170   CY 

Figurt  129.      Altus  Reservoir,  North  dike,  located  on  the  North  Fork  ol  the  Red  River,  Okla.     (Constructed  1940-42.) 

From  drawing  No.  103-D-581. 
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-Crest  El.  6769  0 

.Seeding  on  12"  of  topsoil 


Stripping  os  directed 
Figure  131.     Typical  dike  section,  Big  Sandy  Dam,  located  on  Big  Sandy  Creek,  Wyo.     (Constructed  1950-52.) 


Storage- 40  A.F.,  Max.  operating  w.s.  El.  382.0-'] 

Gravel  'dlairT~~- 
4-" Reinforced  concrete  reservoir  lining--. 


-Crest  El.  382.75        ,Plus  5" 
sizes 
rock  fill 


Clay,  silt,  sand  8  gravel  S  *- Dumped  earth 

rolled  to  6" layers-'''  material 

VolDme-38,700  C.Y. 

CARPINTERIA  RESERVOIR   1952-1953 

CACHUMA     PROJECT-  CALIFORNIA 

Figure  132.     Carpinteria  Reservoir,  terminal  reservoir  of  a  distribution  system  located  near  Carpinteria,  Calif.     (Constructed 

1952-53.)     From  drawing  No.  103-D-585. 


lowers  the  phreatic  line  in  the  embankment  (see 
fig.  96(A)). 

(c)  Big  Sandy  dike  (Jig.  181). — This  dike  was 
constructed  in  conjunction  with  Big  Sandy  Dam 
(not  shown),  a  72-foot-high  dam  of  conventional 
design  with  a  3  :  1  upstream  slope  protected  by 
a  3-foot -thick  layer  of  rock  riprap.  The  design 
of  the  upstream  slope  of  the  dike  represents  a 
departure  from  usual  design  and  was  adopted  be- 
cause of  the  scarcity  and  expense  of  rock  for  riprap. 
Note  that  in  the  surcharge  range  the  upstream 
slope  of  the  dike  is  8  :  1,  which  is  the  beaching 
slope  of  the  embankment  material.  Freeboard 
above  the  maximum  water  surface  is  provided  by 
a  3  :  1  slope  which  is  planted  to  make  it  erosion 
resistant  to  wave  splash  and  spray  to  which  it 
will  be  subjected  only  rarely.  This  design  is 
suitable  for  upstream  slope  protection  of  a  de- 
tention dam,  provided  the  maximum  water  surface 
will  not  be  attained  more  than  several  times  during 
the  expected  life  of  the  dam. 

(d)  Carpinteria  Reservoir  dike  (Jig.  182). — 
Carpinteria  Reservoir  is  a  small  equalizing  reser- 
voir constructed  on  a  gently  sloping  sidehill  by 
excavating  on  the  uphill  side  and  constructing 
a  dike  on  the  downhill  side.  A  section  of  this  dike 
is  shown  in  the  figure.  The  concrete  lining  is 
provided  to  prevent  seepage  which  would  be 
serious  because  of  the  location  of  the  reservoir 
with  respect  to  improved  property.     The  concrete 


lining  covers  all  the  side  slopes  and  the  bottom 
of  the  reservoir.  Figure  133  shows  the  reservoir 
lining  being  constructed.  Because  this  reservoir 
is  subject  to  rapid  drawdown,  a  gravel  drain  is 
placed  under  the  side  lining  to  prevent  uplift. 
A  pipe  drainage  system  is  also  provided  under  the 
reservoir  floor  lining. 

The  embankment  was  constructed  of  material 
from  the  excavation.  This  soil  contained  con- 
siderable rock  fragments  larger  than  5  inches  in 
diameter,  and  separation  was  required  by  the 
specifications  in  order  to  obtain  an  impervious 
zone  which  could  be  compacted  satisfactorily. 
The  dumped  earth  material  zone  provided  for 
waste  disposal  of  excess  excavation.  Oversize 
from  the  screening  operation  was  used  to  con- 
struct the  downstream  rockfill  toe. 

(e)  Carter  Lake  Dam  No.  3  (Jig.  184).— This 
illustrates  the  design  of  a  zoned  embankment 
consisting  of  an  earth  impervious  core  and  rock 
shells.  At  this  site  there  was  a  limited  amount 
of  material  for  an  impervious  core,  no  sand-gravel, 
but  a  large  amount  of  rock  which  could  be  quarried. 
Quarrying  operations  were  controlled  so  as  to 
produce  the  desired  amount  and  gradation  of  rock 
fragments.  The  rockfill  consists  of  rock  with 
a  maximum  size  of  1  cubic  yard  and  sufficient 
smaller  rocks  to  fill  the  voids.  The  quarry  fines 
zone,  which  acts  as  a  filter  between  the  rockfill 
and  the  impervious  core,  consists  of  rock  fines  not 
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Figure  133.     Construction  of  concrete  lining  at  Carpinteria  Reservoir.     SB-3262-R2. 
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Figure  134.     Carter  Lake  Dam  No.  3,  located  on  Dry  Creek  (a  tributary  of  the  Gig  Thompson  River),  Colo.     (Constructed  1950-52.) 


more    tliiui    20    percent    Qf    which    pass    a    Vinch 
screen,  with  DO  pieces  larger  than  8  inches. 

(f)  Cram  Prairit  Pun,  [jig.  tS6).-  The  design 
of  this  small  dam  is  conventional.  Kxcept  for 
bottom  width  of  cutoff  trench,  the  design  conforms 

to  the  recommendations  given  in  this  text. 
i -i..-;  i'    ao 16 


(g)  Crewent  Lakt  Dam  [fig.  1S6).  Crescent 
Lake  Dam  is  a  typical  modern  small  zoned  earth- 
fill  dam.     The  large  pervious  shells  allow  the  use 

of  Steep  slopes  on  the  einltankinent  Note  the 
key  trench  and  the  modification  to  the  /one  line- 
near  the  creel  of  the  dam  to  facilitate  construction. 
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Figure  135.     Crane  Prairie  Dam,  located  on  the  Deschutes  River,  Oreg.     (Conslructed  1939-40.)     From  drawing  No.  103-D-581. 
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Figure  136.     Crescent  Lake  Dam,  located  on  Crescent  Creek,  Oreg.     (Constructed  1954-56.)     From  drawing  No.  103-D-586. 
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Figure  137.     Dickinson  Dam,  located  on  the  Heart  River,  N.  Dak.     (Constructed  1948-50.)     From  drawing  No.  103-D-584. 
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Figure  138.     Dry  Falls  Dam,  located  near  Coulee  City,  Wash.      It  forms  the  south  barrier  of  Grand  Coulee  Equalizing  Reservoir. 

(Constructed  1946-49.)     From  drawing  No.  103-D-583. 
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I  >  ckinwn  Dam  I  fig  181  ■  This  dam  is  the 
modified  homogeneous  type  The  Hut  slopes  at 
the  toes  of  the  dam  form  stabilizing  fills  which 
w.'iv  provided  because  of  the  unconsolidated  and 
uncemented  foundation  material.  Note  the  de- 
crease in  thickness  of  riprap  near  the  crest  of  the 
dam     This  was  done  to  decrease  the  amount  of 

I U  rock,  and  m  \  iew  of  the  infrequent  exposure 
to  wave  action  because  of  the  large  surcharge 
head. 

Dry  halls  Dam  \  fig.  188)      This  design  illus- 
trates a  zoned  embankment  constructed  on  a  soft 

ndation  'This  dam  is  unusual  in  that  rock 
iras  used  to  construct  the  stabilizing  fills  formed 
by   Rattening  the  slopes  of  the  dam.     Usually, 

k  in  too  expensive  to  be  used  for  this  purpo 
but   in  this  instance  it   was  excavated  for  a  canal 
which  heads  at  the  dam.     The  stability  afforded 
to  thi    section  by  the  heavy  rock  zones  permits 

p  slopes  for  the  upper  pari  of  the  dam.  Note 
the  filter  zone  provided  between  the  core  and  the 
rockfills  and  the  modifications  made  to  the  zoning 
lines  near  the  crest   of  the  dam   to  facilitate  con- 

iction  and  preserve  a  sufficiently  long  path  of 
percolation    through    impervious    material.     The 

foot-wide  cresl  was  required  because  this  dam 
is  used  for  a  major  highway  crossing. 

(j)  Fruitgrowers  Dam  (Jig.  139). — This  is  another 
example  of  a  small  earthlill  dam  whose  design 
conforms  to  modern  practices  except  for  the 
narrow  bottom  width  of  the  cutoff  trench.  The 
construction  reports  note  that  the  bottom  width, 
in  general,  was  made  12  to  14  feet  to  accommodate 
equipment.  The  cutoff  trench  was  extended  to 
shale 

(k)  Howard  I'raim  Dam  [fig.  IJfi). — Although 

this  dam  is  higher  than  those  within  the  scope  of 
this  text,  it  is  included  herein  as  an  example  of  a 
zoned  embankment  with  a  relatively  thin  impervi- 
ous core  and  with  heavy  rockfill  supporting  zones. 
The  overburden  penetrated  by  the  cutoff  trench 
consisted  of  topsoil  and  sand-gravel.  Note  the 
transition  zones  between  the  impervious  core  and 
the  rockfill  zones,  and  the  modifications  made  to 
the  zone  lines  near  the  crest  of  the  dam  to  facilitate 
construction. 

(1)  bum  Lakt  dikes  (fig.  141).  This  is  illus- 
trative of  a  very  small  embankment  constructed 
to  impound  a  water  supply  reservoir.  The  trench 
shown  is  a  relatively  deep  key  extending  into 
glacial  deposits  of  considerable  depth. 


in  Lot*  Well  Dam  'fui  /;.'  Although  this 
dam  i>  somewhat  higher  than  those  within  the 
scope  of  this  text,  it  is  included  herein  to  illustrate 

the  use  of  stabilizing  fills  on  an  extieineh  soft 
clay  foundation.  Note  also  how  a  minimum 
amount   of  riprap  is  utilized   in   this  design        The 

20  i  slope  of  the  upstream  stabilizing  fill  dor-  nol 
require  protection.  <)nl\  a  minor  amount  of 
erosion  is  expected  on  the  upstream  '_",    I  dope  of 

the  stabilizing  fill  because  the  e\tiemel\  short 
reservoir  fetch   below    elevation    l">7."i  will   produce 

little  wave  action.     Minor  erosion  of  this  extensive 

stabilizing  fill  will  not  be  of  consequence. 

\/ari/s  Lakt  dikes  [jig.  14%)-  This  design 
does  not  provide  a  pervious  section  at  the  down- 
stream toe  to  lower  the  phreatic  line  in  the  em- 
bankment. It  was  not  considered  necessary 
because  of  the  low  level  of  the  maximum  oper- 
ating water  surface.  The  cutoff  trench  is  narrower 
than  recommended  for  modern  practice,  and  the 
cutoff  wall  probably  would  be  omitted  if  a  new 
design  were  made  for  this  site. 

(o)  MidvieW  Dam  (fig.  144)-  This  design  con- 
forms to  modern  practice  except  for  the  cutoff 
trench,  which  is  considered  to  be  too  narrow  for 
economical  utilization  of  equipment,  and  for  the 
cutoff  wall  which  likely  would  be  replaced  by  a 
grout  cap. 

(p)  Olympus  Dam  (Jig.  145). — This  design  is  an 
example  of  an  earthfill  dam  with  multiple  zones. 
Note  the  upstream  slope  protection;  the  riprap  is 
used  only  on  the  upper  portion  of  the  slope  where 
heavy  wave  action  is  to  be  expected.  The  lower 
portion  of  the  slope  is  protected  by  rock  and 
cobble  fill  because  the  water  level  will  rarely  be 
lowered  into  this  range. 

(q)  Picacho  North  Dam  (fig.  146).— This  is  a 
detention  dam  which  has  no  permanent  storage 
pool.  It  is  constructed  on  a  stratified  pervious 
foundation.  The  impervious  zone  of  the  dam 
was  extended  to  the  upstream  toe  and  was  made 
continuous  with  waste  placed  upstream  from  the 
dam  in  order  to  increase  the  path  of  percolation 
through  the  foundation.  To  facilitate  use  of 
available  materials  from  stratified  deposits,  the 
design  of  the  embankment  was  based  on  the  im- 
pervious core  varying  between  the  slope  limits 
shown. 

(r)  Picacho  South  Dam  [fig,  147).  This  dam  is 
also  a  detention  type  dam  with  no  permanent 
storage    pool.      At    this    site    the    foundation    was 
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Figure  139.     Fruitgrowers  Dam,  located  on  Alfalfa  Run  Wash  in  Colorado.     Its  main  water  supply  is  derived  from  Currant  and 
Surface  Creeks.     (Constructed  1938-39.)     From  drawing  No.  103-D-581. 
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Figure  140.     Howard  Prairie  Dam,  located  on  Beaver  Creek  (a  tributary  of  Jenny  Creek),  Oreg.     (Constructed  1957-59.) 

From  drawing  No.  103-D-587. 

24'Riprap-~.^       5'^ 


24  Riprap--.^       5'-J  «.   ;  _-- Crest  El.  34  68  ,  Length-  266' 
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,--24-"  Rock 
^> 
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Figure  141.     Lion  Lake  dikes,  constructed  for  a  water  supply  reservoir  for  Hungry  Horse  Dam  Government  camp,  Mont. 

(Constructed  1947.)     From  drawing  No.  103-D-583. 
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Figure  142.     Lovewell  Dam,  located  on  ihe  Republican  River  (offslream  from  White  Rock  Creek),  Kans.     (Constructed  1954-57.) 

From  drawing  No.  103-D-586. 
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._                            __._             !  "*?      i    yCrest  ei  8050  Lengfh-1770' 
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Figure   143.      Marys  Lake  dikes,  located  offitieam  from  Fish  Creek  (a  tributary  of  the  Bis  Thompson  River),  Colo.      (Constructed 

1947-48 )     From  drawing  No.  103-D-582. 
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Figurt  144.      Midview  Dam,  located  offstream  from  the  Duchesne  River,  Utah.     (Constructed  1935-37.)     From  drawing  No. 

103-D-580. 


Lake  Estes 
Storage-  3,  lOOA.F  3' Riprap. 

Max    WS    El.  7475-    N 

-TFT 


,-Crest   El   7481     Length-  1,650  (Earth) 


-2:1 


-  300 '(  Concrete  ) 


Sand  and  gravel 
rolled  in  6' layers  -  - 

Rock  and  cobble  fill- 


Sand  and  gravel 
rolled  m  6" layers 


Original  ground  surface- 
Concrete  cutoff  wait' 


El   7465    -±__ 

and  \ 

3f^^c-ri    travel  rolled  to        v.'  \o"  \  ^^v^"  Rock  and  C0DDle  fil1 
-'   6" layers .w*"      t     \V    \    Cs^s* 

u-  _  - I  -  _\_  _  _\. 


U--3  y 


■20- 


■Rock  surface 


■Toe  dram 


Volume- 300,000  CY 
Figure  145.      Olympus  Dam,  located  on  the  Big  Thompson  River,  Colo.     (Constructed  1947-49.)     From  drawing  No.  103-D-583. 
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Figure  146.      Picacho  North  Dam,  a  detention  dam  located  on  the  North  Branch  of  Picacho  Arroyo,  N.Mex.      (Constructed 

1953-54.)     From  drawing  No.  103-D-586. 
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relatively  impervious;  only  sufficient  pervious  ma- 
terial for  slope  protection  of  the  embankment 
could  be  found  in  the  vicinity.  A  10-foot-wide 
sand-gravel-cobble  zone  was  specified  on  both  the 
upstream  and  downstream  slopes  to  facilitate 
compaction.  Riprap  was  not  considered  neces- 
sary as  the  outlet  capacity  is  sufficient  to  evacuate 
the  reservoir  within  a  period  of  a  few  days  time. 
(s)  Pishkun  dikes  (Jig.  148). — This  is  an  inter- 
esting design  in  that  it  illustrates  how  a  43-foot-high 
dam  was  raised  6  feet  ten  years  after  completion  of 
the  initial  construction.  This  embankment  is 
essentially  homogeneous;  a  small  downstream 
pervious  zone  was  provided  in  the  original  design 
to  contain  the  more  pervious  materials  found 
in  the  borrow  pit.  Note  the  sparing  use  of  costly 
riprap;  it  is  provided  only  in  the  operating  range 
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of  the  reservoir  where  wave  action  will  be  most 
severe. 

(t)  San  Jacinto  Regulating  Reservoir  (Jig.  149) . — 
This  dam  is  the  diaphragm  type.  A  scarcity  of 
impervious  material  made  this  design  necessary. 
It  consists  of  relatively  pervious  sand  secured 
from  reservoir  excavation  with  a  thin  upstream 
impervious  soil  blanket  protected  by  riprap  with 
an  interposed  filter.  This  type  of  design  is  not 
recommended  generally  for  small  dams  (see  sec. 
120). 

(u)  Shadow  Mountain  Dam  (Jig.  150). — This 
dam  has  a  pervious  glacial  foundation.  The 
design  provides  a  partial  cutoff  trench  and  a  flat 
upstream  slope  which  functions  as  a  blanket  to 
reduce  seepage,  and  a  drainage  blanket  in  the 
downstream  portion  of  the  dam  to  control  seepage 
uplift. 
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rolled  to  6"  layers-'"' 
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Figure  147.     Picacho  South  Dam,  a  detention  dam  located  on  the  South  Branch  of  Picacho  Arroyo,  N.Mex.     (Constructed 

1953-54.)     From  drawing  No.  103-D-586. 
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---B"  Drain 


Volume- 599.300    C.Y 
Figure  148.     Pishkun  dikes,  located  offstream  from  the  Sun  River,  Mont.     (Constructed  1930-31.)     From  drawing  No.  103-D-580 
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Sand  from  reservoir  excavation  ^ — -- 


'-El.  variable 
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Figure  149.     San  Jacinto  Regulating  Reservoir,  located  on  the  San  Diego  Aqueduct,  Calif.     (Constructed  1945.)     From  drawing 

No.  103-D-582. 
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figure  7  50.      Shadow  Mountain  Dam,  located  on  the  Colorado  River,  Colo.      (Constructed  1943-46.)      From  drawing  No. 

103-D-582 
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Figure  7  57.     Soda  Lake  dike,  located  offstream  from  the  Columbia  River,  Wash.     (Constructed  1950-52.)     From  drawing  No. 

103-D-584. 
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Toe  dram 
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figure  752.     Stubblefield  Dam,  located  offstream  from  the  Vermejo  River,  N.Mex.     (Constructed  1953-54.)     From  drawing  No. 

103-D-585. 


(v)  Soda  Lakt  dike  (fin.  161).  In  all  respects 
khie  is  a  well-designed  small  dam  by  the  standards 

riven   in    this   text.      The   filter  /ones   between    the 

impervious  core  and  the  outer  rockfil]  zones  were 

made  12  feet  wide,  and  the  zone  lines  were  modi- 
fied near  the  creel  of  the  dam  to  facilitate  con- 
struction. 

(w)  Stubblefield  Dam  (fit/.  162).  The  design  is 
typical  of  a  homogeneous  dam  modified  by  a 
horizontal  filter  drain  to  lower  the  phreatic  line  in 
the  downstream  portion  of  the  embankment.    The 


dumped  earth  shown  outside  of  the  2  :  1  down- 
stream slope  was  for  disposal  of  waste  material. 
It  was  considered  that  disposal  of  waste  material 
(including  organic  material!  in  this  manner  not 
only  would  flatten  the  downstream  slope  hut 
would     also    develop    a     vegetative    cover    which 

would  be  adequate  for  slope  protection. 

\    Tiber  dikt  (fig. 158).     The  upper  view  of  the 

illustration  shows  the  maximum  section  of  Tiber 
dike,  which  is  conventional  in  design.  A  key 
trench  10  feet  deep  was  excavated  into  the  glacial 
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(A)  MAXIMUM     DIKE    SECTION 
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(B)  FREEBOARD    DIKE  SECTION 

Figure  153.     Dike  sections  of  Tiber  Dam,  located  on  the  Marias  River,  Mont.     (Constructed  1953-56.) 


till  foundation,  and  the  upstream  slope  is  protected 
by  riprap.  The  lower  view  shows  modifications 
made  to  the  dike  where  the  original  ground  is 
above  elevation  2995,  which  is  above  the  top  of 
the  irrigation  storage  at  elevation  2992.3.  Be- 
cause the  slope  will  be  subjected  to  wave  action 
only  at  time  of  flood,  it  was  decided  that  adequate 
protection  would  be  provided  by  a  3-foot-thick 
layer  of  compacted  sand,  gravel,  and  cobbles 
(maximum  size  10  inches)  if  the  slope  were  flat- 
tened to  6  :  1.  This  modification  was  economical 
because  of  the  high  cost  for  riprap.  It  illustrates 
design  flexibility  in  achieving  the  most  economical 
structure. 


(y)  Wasco  Dam  (Jig.  154). — Wasco  Dam  (under 
construction  1958)  is  used  as  an  example  through- 
out this  text.4  It  is  not  unusual  in  design  and 
it  may  be  considered  typical  of  small  zoned  earth- 
fill  dams  constructed  on  pervious  shallow  founda- 
tions which  can  economically  be  cut  off  by  open 
trench  methods.  The  cobble  and  rockfill  zones 
utilize  oversize  rock  removed  from  impervious 
soil  and  rock  fragments  from  excavations  for  ap- 
purtenant structures.  A  toe  drain  was  not  used 
in  the  design  because  the  foundation  overburden 
is  definitely  pervious. 


The  materials  distribution  chart  for  Wasco  Dam  is  shown  on  fig.  119. 
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GENERAL      PLAN 


SCALE     OF     FEET 
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DIAGRAM    FOR   CAMBER   ON  CREST  OF  DAM 

Figure  154.      General  plan  and  sections,  Wasco  Dam,  located  on  Clear  Creek  (a  tributary  of  White  River),  Oreg.      From  drawing 

No.  350-D-4.     (Sheet  1  of  2.) 


222 


DESIGN  OF  SMALL  DAMS 
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Figure  154.     General  plan  and  sections,  Wasco  Dam,  localed  on  Clear  Creek  (a  tributary  of  White  River),  Oreg.      From  drawing 

No.  350-D-4.     (Sheet  2  of  2.) 
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«    Chapter   VI 


Rockfil    Dams 


R.  W.  BOCK 


A.    GENERAL 


144.  Origin  and  Usage.      Rockiill  dunis  are  gcn- 

■rally  conceded  to  have  had  their  origin  about 

100  years  ago  during   the  California   Gold   Rush. 

The  most  active  period  of  construction  of  rockfil] 
Hams  was  from  the  late  inoo's  to  the  mid-1930's. 

A  detailed  description  of  the  design  and  construc- 
tion of  a  number  of  these  dams  is  given  in  Gallo- 
iray's   paper  entitled    "The    Design   of   Rockiill 

Dams"  [l].2  A  number  of  major  rockfill  struc- 
tures were  constructed  in  the  1950's.  The  cost 
of  producing  large  quantities  of  rock  for  the  con- 
struction of  rockiill  dams  makes  this  type  of  dam 
economical  only  in  remote  areas  where  the  cost  of 
concrete  would  he  high  or  in  areas  where  there  is  a 
-canity  of  earthfill  materials  and  the  only  mate- 
rial for  construction  of  the  structure  consists  of 
durable,  hard  rock 

145.  Definition.  A  rockiill  dam  is  an  embank- 
ment which  uses  variable  sizes  of  rock  to  provide 
stability  and  an  impervious  membrane  to  provide 
vratertightnees.  Many  different  materials  have 
been  used  for  the  membrane,  including  earth, 
concrete,  ateel,  asphalt,  and  wood. 

Although  successful  dams  have  been  constructed 
with  internal  or  "buried"  diaphragms,  this  type  of 
construction  is  not  recommended  for  structures 
within  the  scope  of  this  text.  The  construction 
of  an  internal  diaphragm  of  earth  with  the  neces- 
sary filters  requires  a  higher  degree  of  precision 
and  closer  control  than  it  is  feasible  to  obtain  for 
small  dams  Internal  diaphragms  of  rigid  mate- 
rial such  as  concrete  have  the  disadvantage  of  not 
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being  readily  available  for  inspection  01  emergency 

repair  if  they  arc  ruptured  through  settlement  of 
the  dam  or  its  foundation. 

An  earth  blanket  on  the  upstream  slope  of  an 
otherwise  pervious  dam  also  is  not  recommended 
because  of  the  expense  and  the  difficulty  of  con- 
structing suitable  filters.  Furthermore,  the  earth 
blanket  must  be  protected  from  erosion  by  wave 
action,  so  it  is  buried  and  not  readily  available  for 
inspection  or  repair. 

The  watertight  membrane  for  a  small  rockfill 
dam  should  be  constructed  on  the  upstream  slope 
where  its  condition  can  be  inspected  when  the 
reservoir  is  drawn  down,  and  repairs  made  as 
necessary.  Usually,  the  membrane  will  consist  of 
portland  cement  concrete,  although  steel  plates  or 
wood  planking  have  been  successfully  used  to  the 
extent  of  the  limited  life  of  those  materials. 
Recently  (1957)  asphaltic  concrete  pavement  has 
been  used  but  there  is  no  service  history  for  such 
construction  in  connection  with  a  rockfill  dam. 
Regardless  of  the  type  of  membrane  used,  a  rock- 
fill dam  is  not  recommended  when  the  normal 
reservoir  operation  does  not  permit  periodic 
inspection  of  the  membrane  and  repair  if  required. 

146.  Foundation  Requirements.  The  foundation 
requirements  for  a  rockiill  dam  arc  less  Bevere  than 
for  a  concrete  gravity  dam.  but  more  severe  than 
for  an  earthfill  dain.  Rockfill  dams  require  foun- 
dations which  will  result  in  a  minimum  of  settle- 
ment.     For     foundations     other     than      rock,     a 

specialist  should  be  consulted  a-  to  their  adequacy. 

Rock  foundations  should  consist  of  hard,  durable 
rock  which  cannot  be  softened  or  eroded  appre- 
ciably by   water  percolating  from   the  reservoir. 
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DESIGN  OF  SMALL  DAMS 


B.    FOUNDATION  DESIGN 


The  foundation  should  be  free  from  faults,  shear 
zones,  or  other  structural  weaknesses.  Silt,  clay, 
sand,  and  organic  material  must  be  removed  from 
the  foundation  area  before  construction  of  the 
rockfill. 

147.  Cutoff  Wall. — A  watertight  seal  must  be 
provided  along  the  contact  of  the  impervious  mem- 
brane with  the  foundation  and  abutments  at  the 
upstream  toe  of  the  dam  to  prevent  seepage  under 
the  dam.  In  existing  dams,  this  seal  has  been  in 
the  form  of  a  concrete  cutoff  wall  which  extends 
from  the  upstream  toe  of  the  dam  into  bedrock. 
Figures  155,  156,  and  157  show  details  of  the 
attachment  of  various  tj'pes  of  impervious  mem- 
branes to  the  cutoff  wall. 

The  width  of  the  cutoff  wall  is  usually  governed 
by  construction  considerations.  The  depth  of 
penetration  of  the  cutoff  wall  into  bedrock  depends 
upon  the  character  of  the  foundation  rock.     If  the 


rock  is  sound,  the  cutoff  wall  should  extend  into 
the  foundation  rock  not  less  than  3  feet.  A  deeper 
wall  or  special  treatment  such  as  grouting  ma}'  be 
required  if  the  rock  is  not  sound,  or  if  open  joints 
or  broken  rock  structure  exists.  Grouting  should 
be  planned  regardless  of  the  apparent  quality  of 
the  rock  until  sufficient  drilling  exploration  has 
been  performed  to  demonstrate  that  there  are  no 
seams,  joints,  faults,  or  fissures  in  the  bedrock 
which  may  result  in  leakage  under  the  cutoff 
wall.  Conservativeness  is  very  desirable  in  this 
respect  because  of  the  difficulty  and  expense  of 
finding  and  repairing  leakage  after  the  dam  goes 
into  operation.  Grouting  procedures  for  rock 
foundations  are  discussed  in  chapter  V. 

In  addition  to  its  function  of  preventing  under- 
seepage,  the  cutoff  wall  must  provide  adequate 
support  for  the  weight  and  thrust  of  the  mem- 
brane. 


C.    EMBANKMENT  DESIGN 


148.  Selection  of  Rock  Materials. — Of  prime  im- 
portance to  the  success  of  a  rockfill  dam  is  the 
type  of  rock  which  is  used  for  the  rockfill  zone. 
For  economy,  the  rock  must  be  located  near  the 
dam  site;  it  may  be  obtained  from  quarry  opera- 
tions or  from  talus  deposits.  The  rock  must  be 
hard,  durable  stone  which  will  resist  excessive 
breakdown  during  the  hauling  and  placing  opera- 
tion. The  rock  also  should  withstand  disintegra- 
tion under  the  action  of  freezing  and  thawing.  It 
should  be  essentially  free  of  unstable  minerals 
that  would  weather  mechanically  or  chemically, 
causing  the  rock  to  disintegrate. 

Most  unweathered  igneous  and  metamorphic 
rocks  are  of  satisfactory  quality  for  rockfill. 
Although  a  few  sedimentary  rocks  are  satisfactory 
for  use,  as  a  general  rule  they  should  be  avoided. 
Part  D  of  chapter  IV  gives  the  classification  and 
engineering  properties  of  rocks.  The  rock  pro- 
duced in  the  quarry  or  obtained  from  natural 
sources  should  be  well  graded  from  %  cubic  foot 
to  1  cubic  yard  in  size  and  should  contain  less 
fines  than  sufficient  to  fill  the  voids.  Slabby 
rocks  should  not  be  used  as  they  tend  to  bridge, 
causing  large  voids.     As  the  load  is  increased  by 


construction  of  the  rockfill,  the  bridging  rocks  may 
break,  resulting  in  excessive  settlement. 

149.  Dam  Section. — Earlier  rockfill  dams  were 
constructed  with  steep  upstream  and  downstream 
slopes  to  minimize  the  volume  of  rockfill;  slopes 
as  steep  as  %  to  1  were  used.  Since  these  slopes 
are  considerably  steeper  than  the  natural  slope  of 
dumped  rock,  they  were  stabilized  by  thick 
zones  of  dry  rubble  masonry.  Later  designs 
eliminated  the  rubble  masonry  on  the  downstream 
slope  by  flattening  the  slope  to  the  angle  of  repose 
of  the  rock,  but  the  very  steep  upstream  slope  was 
retained.  Other  designs  evolved  in  which  the 
upstream  slope  was  flattened  somewhat  so  that 
the  rubble  masonry  zone  could  be  reduced,  the 
downstream  slope  being  allowed  to  take  the 
natural  angle  of  repose  of  dumped  rock. 

Inasmuch  as  stability  from  sliding  is  not  a 
design  consideration  in  a  small  rockfill  dam 
because  of  its  mass  and  weight,  the  determination 
of  the  external  slopes  depends  upon  the  relative 
cost  of  dumped  rockfill  and  rubble  masonry. 
Slopes  steeper  than  the  natural  slope  of  dumped 
rock  are  not  economical  under  modern  construc- 
tion conditions.     However,  there  is  no  advantage 
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Figure  755.     Detail  of  concrete  membrane  at  cutoff  wal 
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Figure  156.      Detail  of  asphalt  membrane  at  cutoff  wall. 
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Figure  157.     Detail  of  steel  plate  membrane  at  cutoff  wall. 


to  slopes  flatter  than  the  natural  slope  except  for 
facilitating  construction  of  the  upstream  im- 
pervious facing. 

For  small  rockfill  dams,  the  downstream  slope 
should  be  equal  to  the  angle  of  repose  of  the 
dumped  rockfill  (about  1 .4  to  1 )  and  the  upstream 
slope  should  be  2  to  1  to  facilitate  construction 
of  the  upstream  impervious  facing.  The  upstream 
face  of  the  dam  should  be  constructed  slightly 
convex  so  that  settlement  in  the  fill  will  tend  to 
close  rather  than  open  contraction  joints  in  the 
impervious  membrane.  A  typical  section  for 
a  small  rockfill  dam  is  shown  in  figure  158. 

Crest  width,  crest  camber,  freeboard  require- 
ments and  other  crest  details  for  a  rockfill  dam 
are  governed  by  the  same  considerations  as  those 
for  an  earthfill  dam,  which  are  given  in  chapter  V. 

1  50.  Rockfill  Zone. — The  placement  of  the  rock- 
fill zone  is  one  of  the  most  important  operations  in 


the  construction  of  a  rockfill  dam,  as  it  is  essential 
to  minimize  total  settlement  and  the  possibility 
of  damage  to  the  impervious  membrane.  Settle- 
ment of  rockfills  takes  place  in  two  stages.  The 
first  major  settlement  occurs  during  the  construc- 
tion of  the  rockfill.  This  stage  of  settlement  has 
a  minor  bearing  on  the  security  of  the  impervious 
membrane,  provided  the  membrane  is  not  placed 
concurrently  with  the  rockfill;  on  small  dams  the 
membrane  should  be  placed  after  completion  of 
the  rockfill  zone  when  the  major  settlement  due 
to  weight  of  the  rockfill  has  taken  place.  The 
second  major  stage  of  settlement  occurs  as  the 
reservoir  fills  and  the  thrust  due  to  waterload  is 
transmitted  to  the  rockfill. 

Rockfill  in  many  of  the  existing  large  rockfill 
dams  was  placed  by  dumping  in  lifts  varying  from 
75  to  150  feet  high.  In  addition,  water  from 
high-velocity  nozzles  was  used  to  sluice  the  rock- 


5.  Crest  of  dam 


—  Concrete  cutoff  wall 


Figure  758.     Typical  maximum  section  of  a  rockfill  dam. 
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till  during  placement  to  help  in  the  compaction. 
Km  BmalJ  rockfUl  dams,  however,  placement  of 
rock  in  relatively  thin  layers  is  considered  t<>  be 
a  preferable  method.  The  rock  should  be  dumped 
on  ihf  embankment  and  Bpread  in  layers  with 
a  maximum  thickness  of  3  feet  The  spreading 
sjperation  will  assure  s  minimum  number  <>f  large 
f oids  and  provides  compact  rockfill.  It  is  often 
lesirable  tt>  sluice  each  layer  during  placement 
with  water  from  high-velocitj  nozzles,  using  a 
volume  of  water  equal  to  two  or  three  times  the 
volume  of  rock  Sluicing  of  quarry-run  lock  pro- 
rides  point  bearing  of  the  larger  sizes,  as  all 
■nailer    sizes    are    unshed    into    the    voids.      This 

w  ill  provide  a  dense  fill  and  minimize  future  settle- 
ment Sometimes  gravel  is  sluiced  into  the  rock- 
fill  as  la\  ers  are  placed 

151.  Preparation  of  Upstream  Face.  Kuhhle  uni- 
son rv  has  been  used  as  an  upstream  facing  under 
the  impervious  ineinhrane  on  many  of  the  existing 


rockfill  dan-      When  placed  with  care  and  with 

.<>id-     properly     chinked     with     lock     spalls, 

rubble  masonry  presents  a  smooth,  compact  bed- 
ding for  an\  i  \  pe  of  unpen  ious  membrane  How  - 
ever,  on  low  dams  where  onlj   low   to  moderate 

'•s  will  he  present,  this  type  of  facing  is  con- 
sidered unnecessary  and  uneconomical  On  these 
structures  a  /one  of  graded  sand  and  gravel  Or 
quarry  fines  mm  be  substituted  for  rubble  ma- 
sonry This  zone  should  have  a  minimum  hori- 
zontal width  of  14  feel  to  facilitate  compaction. 
It  should  he  constructed  in  l'J-inch  layers,  thor- 
oughly  wetted   and   compacted    l>\    a   crawler-type 

tractor  as  described  in  the  sample  specifications, 

appendix  E.  The  material  used  in  this  zone 
should  be  pervious  and  well  graded  from  \  inch 
to  '.]  inches.  After  placing,  the  upstream  face  inn 
he  dressed  smooth  to  accept  any  type  of  mem- 
brane.      S  145.) 
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152.  Reinforced  Concrete.  The  most  common 
impervious  membrane  used  to  face  rockfill  dams 
is  reinforced  concrete.  For  low  dams,  a  rein- 
forced concrete  slab  with  a  minimum  thickness  of 
8  inches  should  he  provided.  Because  of  the  low 
reservoir  head  and  the  small  amount  of  settlement 
to  he  expected,  horizontal  or  vertical  expansion 
joints  normally  are  not  required  in  the  facings  for 
low  dams  However,  vertical  joints  may  he 
required  to  compensate  for  horizontal  expansion 
on  low  dams  of  considerable  length.  These  joints 
mu\  he  desirable  for  construction  purposes  also. 
Reinforcement  should   he  provided;  areas  of  steel 

equal  to  o..">  percent  and  0.7  percent  of  the  con- 
crete area,  vertically  and  horizontally,  respec- 
tively, are  considered  good  practice.  Dense, 
durable  concrete  is  needed  to  guard  against 
seepage  and  damage  of  the  concrete  due  to  wave 
action  and  weathering.  The  design  of  suitahle 
concrete   mixes   is  discussed    m   appendix    F. 

153.  Asphaltic  Concrete.  Asphalt  ic  concrete 
facing  has  been  used  on  a  recent  (1057)  rockfill 
dam.  In  the  construction  of  Montgomery  Dam 
{'2.  3],  the  upstream  face  was  sprayed  to  obtain 
penetration  of  the  asphalt  and  to  form  a  base  for 
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the  hot  mix.  Three  layers  of  hot  asphalt  mix, 
each  4  inches  thick,  were  then  placed  on  the  face. 
The  asphalt  was  placed  by  use  of  a  standard  paving 
machine  lowered  from  the  crest  by  cables.  The 
hot  mix  contained  8  percent  asphalt  by  dry  weight, 
and  gradation  of  the  mix  aggregate  ranged  from 
11  percent  passing  the  No.  200  screen  to  a  maxi- 
mum size  of  1  '2  inches. 

154.  Steel.-  Steel  facing  has  been  used  on  some 
rockfill  dams  [4.  ">,  6].  The  steel  plates.  ',-  to 
Vinch  thick  and  in  sizes  which  could  he  handled 
with  the  equipment  available,  were  bolted  or 
welded  into  place.  The  steel  plate  was  embedded 
in  a  concrete  cutoff  wall  at  the  foundation  to 
insure  a  tight  contact  and  reduce  the  possibility  of 
leakage.  On  long  dams,  vertical  contraction 
joints  at  approximately  25  feet,  constructed  of 
steel  V-shaped  troughs,  arc  used  to  compensate  for 

horizontal  expansion. 

155.  Timber  Planking.      Timber     planking     has 

been  used  as  a  temporary  type  of  membrane,  but 

it  is  not  recommended  for  general  use.  although  it 
»ften  the  cheapest  type  of  membrane  to  con- 
struct     The  principal  objections  to  this  type  of 

construction  are  the  danger  of  loss  |>\    fire  at   low 
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water  and  the  relatively  short  life  of  timber  con- 
struction when  alternately  exposed  to  wetting  and 
drying. 

In  construction,  the  timber  planks,  either  in 
single  or  double  layers,  are  spiked  to  heavy  timber 
sills  which  are  buried  in  the  upstream  face  of  the 
dam.  Floating  of  the  deck  is  prevented  by  fasten- 
ing the  sills  to  posts   buried   deep   in    the   dam. 
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The  spacing  of  the  sills  depends  upon  the 
strength  of  the  deck  planks,  which  should  be 
designed  to  carry  the  full  water  pressure  on  the 
span  between  the  sills  without  support  from  the 
dam.  At  the  base  of  the  slope,  the  deck  rests  on 
a  heavy  longitudinal  sill  which  is  secured  to  the 
foundation  cutoff  wall.  All  timber  should  be 
pressure  creosoted  to  extend  its  life. 
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Concrete  Gravity  Dams 

A.  T.  LEWIS,  J.  S.  CONRAD,  AND  E    L.   WATSON  ' 


A.     INTRODUCTION 


157.    Origin  and  Development.       A  concrete  f,'l'iiv- 

it  \  1 1 11  in  is  a  structure  proportioned  so  that  its  own 
weigh!  resists  the  forces  exerted  upon  it.  If  it  is 
constructed  on  an  adequate  foundation,  a  solid 

concrete    dam    is    u    permanent    structure    which 

requires  little  maintenance. 

The  most  ancient  gravity  dam  of  record  was 
buill  in  Egypt  more  than  4,000  yean  B.C.  of 
uncemented  masonry.  Axcheological  experts  be- 
lieve  this  dnin  was  kept  in  perfect  condition  for 
more  than  45  centuries.  While  the  proportions 
of  tin-  dam,  base  width  to  height,  arc  not  known, 
there  is  evidence  from  the  ruins  of  other  dams  of 
that    era  which   indicates  base  widths  as  great    as 

four  tune-,  the  height.     By  improved  design  and 

construction  methods,  the  Romans  were  able  to 
reduce  tin-  rat  10  to  'A   :  1 . 

Uncemented  masonry  was  not  suitable  for  the 

construction  of  other  than  low  darns,  and  other 
methods  of  construction  evolved.  According  to 
records,  clay  mortar  was  first  used  to  bind  the 
masonry  together;  later  lime  mortar  was  discov- 
ered and  used.  The  masonry  type  of  dam  was 
largely  superseded  by  the  cyclopean  type  of  con- 
crete construction,  which  was  a  forerunner  of  the 
modern  concrete  gravity  dam.  Innumerable  inno- 
vations in  design  and  const  ruction,  such  as  refrig- 
eration of  the  ma--  to  disperse  heat  of  hydration, 
u-e  of  fly  ash.  separate  block  construction,  and 
many  others,  have  made  possible  construction  of 
monumental  structures  Buch  a-  Hoover  Dam,  726 
feet  high;  Grand  Coulee  Dam  which  contains 
more  than   1  1  million  cubic  yards  of  concrete;  and 
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Qrand  Dixence  Dam  which  is  now  (1958)  under 
construction  in  Switzerland  and  which  will  have 
a    completed    height    of    922    feet.      The    ratio    of 

base  width  to  height  of  all  these  structures  is 
considerably  less  t  ban   1:1. 

158.  Scope  of  Discussion.  This  chapter  is  lim- 
ited to  discussions  of  "small"  concrete  gravity 
dams;  that  is,  structures  not  more  than  50  feet 
high  if  on  rock  foundations,  and  with  maximum 
net  head  (headwater  to  tailwaterj  not  exceeding 
20  feet  if  on  pervious  foundations.  I'nless  thi 
dams  are  of  unusual  length,  it  is  believed  that  the 
design  methods  discussed  herein  will  result  in 
economical  Structures.  More  precise  design  meth- 
ods may  he  warranted  for  dams  which,  because 
of  their  length,  recpiire  a  large  volume  of  concrete 
Examples  of  concrete  dams  within  the  scope  of 
this  discussion  are  Willwood  Diversion  Dam  on 
the  Shoshone  River  in  Wyoming,  shown  in  figure 
159,  and  Woodston  Diversion  Dam  on  the  South 
Fork  of  the  Solomon  River  in  Kansas,  shown  in 
figure  160. 

This  chapter  discusses  primarily"  stabilizing  and 
DOnstabilizing  forces  which  act  on  concrete  grav- 
ity dams  and  the  requirements  for  stability. 
Additional  considerations  in  connection  with  con- 
crete structures  on  pervious  foundation  are  pre- 
sented and,  finally,  current  practices  regarding 
miscellaneous  details  of  design  or  layout  are  briefly 

described.  On  a  -mall  dam  very  little  economical 
advantage  can  he  gained  by  cooling  the  concrete 
and  grouting  contraction  joints  in  order  that  the 
entire  -tincture  may  he  analyzed  a-  a  single  in: 
For  this  reason,  only  the  gravity  method  of  analy- 
sis i-  presented  in  t In-  text 
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Figure  759.     Will  wood  Diversion  Dam,  a  concrete-sravity  structure  on  the  Shoshone  River  in  Wyoming.     2G-I-9. 


Figure  160.     Construction  view  of  overflow  section  of  Woodston  Diversion  Dam,  a  concrete-gravity  structure  on  the  South  Fork  of 

the  Solomon  River  in  Kansas.     796-701-2944. 
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B.     FORCES  ACTING  ON  THE  DAM 


159.  General.  For  the  design  of  gravity  dams, 
it  l-  necessary  to  determine  the  forces  which  may 
!>.•  expected  to  affect  the  stability  of  the  struc- 
ture. The  forces  which  must  be  considered  for 
mvitj  dams  within  the  range  of  tins  text  are 
due  to  (1)  water  pressure,  both  external  and 
interna]  (or  uplift  2  ill  pressure,  (3  ice  pres- 
i  earthquake,  (5)  weight  of  the  structure, 
and  I.  the  resulting  reaction  of  the  foundation. 
In  designing  the  crest   of  ail  overflow  section,  the 

possibility  of  subatmospheric  pressures  developing 
between  the  overflowing  sheet  of  water  and  the 
concrete  should  be  considered  (seech.  VIII). 

Other  forces,  including  wind  and  waves,  are 
negligible     for     small     dams     and     need     not      be 

considered  in  the  stability  anal] 

Figure  161(A)  ahows  the  normal  loading  con- 
ditions used  in  this  chapter.  Symbols  and  defini- 
tions for  the  normal  loading  conditions  are  given 
below 

if/-  angle  between  face  of  element  and 

the  vertical. 
T-  horizontal  distance  from  upstream 
edge     to    downstream    edge    of 
section. 
/=  moment   of  inertia  of  base  of  sec- 
tion 1-foot  wide  about  its  center 

r 


of  gravity,  equal  to 


12 


wc=unit  weight  of  concrete. 
10=  unit  weight  of  water. 
A  or  A'      vertical     distance    from    reservoir 
water  or  tailwater.  respectively, 
to  base  of  section. 
p  or  //      reservoir  water  or  tailwater  pres- 
sure,   respectively,    at     base    of 
ion.     It  is  equal  to  wh  or  wh'. 
W     dead   load   weight    above   base   of 
BSCtion    under  consideration   in- 
eluding  the  weight   of   the  con- 
crete,     U, .    plus    such    appurte- 
nances as  gates  and  bridgi 
\\'u  or  Wu'=    vertical     component     of     reservoir 
water  or  tailwater  load,  respec- 
tively,   on    face    above    base    of 
section. 
1/       moment     of     U'„    about     center    of 

gravity  of  base  of  section. 


\/,.  or    W,,'      moment  of  II     0]   11     'about  center 

of  gravity  of  base  of  section, 
I' or  V     horizontal  component  <>f  leservoir 

w  ater  or  tailw  ater  load,    rasp 

tively,  on   face  above   base  of 
ction.     This  u  equal  to   .,    for 

m 

I    and        -       for    I      for  normal 

conditions 
M9  or  .\fr'      moment  of  l' or  V  about  center  of 

gravity  of  base  of  section,  equal 

to      .    for  Mp  and  for  \1  ' . 

(>  I) 

ZW     resultant  vertical  force  above  base 
of  section,  equal  to 
W.+  W9+Ww'. 

2 V=  resultant  horizontal  force  above 
base  of  section,  equal  to  V—V. 

Sj \/=  resultant  moment  of  forces  above 
base  of  section  about  center  of 
gravity  of  base  of  section.  It  is 
equal  to 

Mm+Mw-MJ-{M9-MJ). 
e= distance  from  center  of  gravity  of 
base  of  section  to  point  where 
resultant  of  Z\Y  and  ZT  inter- 
sects base  of  section.  It  is  equal 
to2.U,2li*. 
L=  total  uplift  force  on  horizontal  sec- 
tion, equal  to  Ty   ■-—-  Y 

In  addition  to  the  normal  loading  conditions,  it 
may  be  necessary  to  apply  ice,  silt,  and  earth- 
quake loads.  It  is  not  likely,  however,  that  all  of 
these  additional  loads  will  occur  at  the  same  time. 
Whether  these  additional  loads  should  be  con- 
sidered and  in  what  combinations,  should  be 
determined  by  an  engineer  experienced  in  the 
design  of  dams.  Silt,  ice,  and  earthquake  loads 
are     discussed     in     sections     161,     162,     and      l< 

respectively. 

160.  Water  Pressure,  (a)  External.  The  ex- 
ternal water  pressure  acting  on  a  nonoverflow  dam 

is  illustrated  m  figure  161(A).  On  the  upstream 
face,  for  example,  the  horizontal  force  is  V  and  the 
vertical  force  is  Wm.  The  weight  of  water  is  gen- 
erally accepted  a>  62.5  pounds  per  cubic  foot 
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Reservoi  r  woter  surfoce^ 


._-r"""  \  "  Bose  of  section 

"-Center1  of  gravity  of  bose 


(A)    VERTICAL     CROSS-SECTION 


T-i 


-One  foot 


(B)  HORIZONTAL     C  ROSS  -  SECTION 

Figure  161.     Forces  acting  on  a  concrete-gravity  dam. 

On  overflow  dams  without  control  features,  the 
total  horizontal  water  pressure  on  the  upstream 
face  is  represented  by  the  trapezoid  (abed)  in 
figure  162  in  which  the  unit  pressures  at  the  top 
and  at  the  bottom  are  62. 5^  and  62. bh,  respec- 
tively. The  line  of  action  of  the  force  passes 
through  the  center  of  gravity  of  the  trapezoid. 
The  vertical  component  of  the  water  flowing  over 
the  top  of  the  spillway  is  not  used  in  the  analysis 
because  the  water  approaches  spouting  velocity, 
which  greatly  reduces  the  vertical  pressure  on  the 
dam.  Likewise,  because  of  its  high  velocity,  the 
stream  of  water  on  the  downstream  face  does  not 
exert  enough  pressure  on  the  dam  to  warrant  con- 
sideration.    Where  tailwater  or  backwater  pres- 

. --Maximum    water   surface 


Contraction   joint- 


Figure  162.     Water  pressures  acting  on  an  overflow 
concrete  dam. 


sure  exists  on  the  downstream  side,  it  is  treated  in 
the  same  manner  as  the  tailwater  pressure  in 
figure  161(A).  If  gates,  flashboards,  or  other 
control  features  are  used  on  the  crest,  they  are 
treated  as  part  of  the  dam  so  far  as  the  application 
of  water  pressure  is  concerned. 

(b)  Internal  or  Uplift  Pressure. — Uplift  forces 
occur  as  internal  pressures  in  pores,  cracks,  and 
seams  in  both  the  dam  and  dam  foundation.  It  is 
evident  that  these  spaces  in  the  dam  or  foundation 
will  be  filled  with  water,  which  exerts  a  pressure 
in  all  directions.  This  pressure  may  have  an 
important  effect  on  the  stability  of  the  dam  and 
must  be  included  in  the  analysis.  It  is  assumed 
that  uplift  pressures  are  not  affected  by  earth- 
quake forces. 

(1)  Dams  on  rock  foundations. — The  intensity  of 
uplift  pressure  under  a  concrete  dam  on  a  rock 
foundation  is  difficult  to  determine.  It  is  gen- 
erally assumed  that  pore  pressures  in  rock  or 
concrete  are  effective  over  the  entire  base  of  the 
section.  It  is  evident  that  under  sustained  load- 
ing the  intensity  of  uplift  at  the  upstream  face  is 
equal  to  the  full  reservoir  pressure  and  approaches 
a  straight-line  variation  from  this  point  to  tail- 
water  pressure,  or  zero,  at  the  downstream  face  if 
there  is  no  tailwater.  This  is  true  not  only  at  the 
contact  between  the  dam  and  the  foundation  but 
within  the  body  of  the  dam  itself. 

Uplift  pressures  can  be  reduced  by  forming 
drains  through  the  concrete  of  the  dam  and  by 
drilling  drainage  holes  into  the  foundation  rock. 
Such  drains  are  usually  provided  near  the  up- 
stream face  of  the  dam  although  care  must  be 
exercised  to  insure  that  direct  piping  from  the 
reservoir  will  not  result.  Drains  of  this  type  are 
provided  in  all  Bureau  of  Reclamation  dams  of 
considerable  height,  and  actual  measurements  of 
uplift  under  the  dams  have  proved  them  to  be 
very  effective.  If  the  rock  of  the  foundation  of  a 
proposed  dam  were  absolutely  homogeneous,  the 
effectiveness  of  the  drains  could  be  predetermined. 
However,  owing  to  the  presence  of  seams  and 
fissures  and  the  uncertainty  of  intercepting  them 
with  the  drains,  the  safest  course  is  to  assume  the 
straight-line  variation  from  headwater  to  tail- 
water  pressures  as  a  measure  of  uplift.  Any 
other  assumptions  should  be  verified  by  electric 
analogy  or  other  comparable  methods  of  analysis 
conducted  by  engineers  experienced  in  this  field. 

Other  methods  used  to  reduce  the  uplift  at  the 
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contact    of    the   iltiin    with    tlic    foundal  ion    include 

construction  of  cutoff  walls  under  the  upstream 
fiic,  construction  of  drainage  channels  (usually  of 
■ewer  pipe)  between  the  dam  and  ili«'  foundation, 
hihI  pressure  grouting  the  foundation.  These 
methods  usuall)  are  considered  only  us  additional 
safety  factors  in  t h«>  design  of  small  dams  and  arc 
not  considered  as  justification  for  reducing  design 
requirements. 

Damson  pervious  foundation*.  I'plift  pres- 
sures under  a  concrete  dam  on  a  pervious  founda- 
tion are  related  to  seepage  through  permeable  ma- 
terial-.    Water  percolating  through  the  materials 

is  retarded  by  frictional  resistance,  somewhat  the 

same  as  water  flowing  through  a  pipe.  The  in- 
ten-it\  of  the  uplift  can  be  controlled  by  con- 
struction of  properly  placed  aprons,  cutoffs,  and 

Other  devices      A  discussion  of  these  and  methods 

for  determining  uplift  pressures  is  included  in 
sections  171  through  1 74. 

161.  Silt  Pressure.  Nearly  all  streams  carry  an 
appreciable  amount  of  silt  during  both  normal  and 
floodflows.  Where  silt  is  present  in  a  stream  on 
which  a  dam  is  built,  it  will  eventually  find  its  way 
to  the  reservoir  and  be  deposited  in  the  still  water 
above  the  dam.  Methods  for  determining  the 
amount  of  silt  and  its  deposition  in  a  reservoir  are 
discussed  in  chapter  I.  If  allowed  to  accumulate 
against  the  upstream  face  of  the  dam,  the  silt  will 
exert  loads  greater  than  hydrostatic  pressure.  In 
the  absence  of  reliable  test  data,  a  rather  common 
assumption  of  the  magnitude  of  silt  pressure  is  to 

consider  the  horizontal  load  as  equivalent  to  that 
of  a  fluid  weighing  85  pounds  per  cubic  foot  and 
the  vertical  weigh!  as  120  pounds  per  cubic  foot. 

Sluiceways  are  often  provided  in  gravity  dams  to 
prevent  silt  from  accumulating  in  the  reservoir. 
In  diversion  dams  the  main  function  of  the  sluice- 
way is  to  keep  the  headworks  and  canal  free  from 
silt,  but  some  benefit  may  also  be  derived  for  the 
dam  by  reducing  the  silt  load 

Many  gravity  dams  have  been  designed  without 
regard  to  silt  load.  I  n  general,  the  silt  load  against 
storage  dams  will  be  a  small  factor  but  against 
diversion  dams  it  is  likely  to  be  more  important. 
In  either  case  there  is  some  busis  for  neglecting  the 
silt  load.  Initially  the  silt  load  is  not  present,  and 
by  the  time  it  might  become  a  significant  factor, 
the  -ilt  ha-  Consolidated  to  some  extent  and  there- 
fore acts  less  like  a  Hind  Kurt  herniorc.  silt  de- 
posited in  the  reservoir  will  probabh   be  somewhat 
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impervious  and  will  help  to  minimize  the  uplift 

under  the  dam. 

Greater  importance  must  be  attributed  to  silt 

load  when  the  primary  purpose  of  the  dam  is  silt 
retention.  In  this  situation  the  designer  may  not 
be    satisfied    to    assume    an    arbitrary    equivalent 

fluid  pressure  as  mentioned  above     More  pre* 

computations  of  silt  load  can  be  made  by  com- 
bining the  hydrostatic  pressure  with  the  horizontal 

component  of  the  silt  load.  I',  as  determined  by 
the  Kankine  formula  neglecting  cohesion  : 

v_w.h*  /1-sin  <A 

2    \H  sin  *)  {l' 

\\  here: 

W,=  submerged  weight  of  material. 
A = depth  of  material,  and 
0  =  angle  of  internal  friction. 

Here  too  obstacles  will  be  met  in  making  assump- 
tions regarding  submerged  weight,  angle  of 
internal  friction,  etc.,  owing  to  lack  of  data.  A 
comprehensive  discussion  of  the  Rankine  formula 
and  the  assumptions  involved  in  its  application 
is  beyond  the  scope  of  this  work,  but  it  may  be 
found  in  many  standard  texts. 

162.  Ice  Pressure. — Ice  pressure  is  produced 
by  thermal  expansion  in  the  ice  sheet  and 
by  wind  drag.  The  necessary  allowance  to  be 
made  for  ice  load  in  the  design  of  a  concrete 
dam  is  difficult  to  determine.  Data  concerning 
the  physical  characteristics  of  ice  such  as  its 
crushing  strength,  its  modulus  of  elasticity,  and 
the  effects  of  plastic  flow  are  inadequate  and 
approximate.  Furthermore,  the  thrust  exerted 
by  expanding  ice  depends  on  the  thickness  of  the 
sheet,  the  rate  of  temperature  rise  in  the  ice, 
fluctuations  in  the  water  surface,  character  of 
the  reservoir  shores,  slope  of  the  upstream  face 
of  the  dam,  wind  drag,  and  other  factors.  The 
rate  of  temperature  rise  in  the  ice  is  a  function 
of  rate  of  rise  of  the  air  temperature  and  the 
amount  of  snow  cover  on  the  ice.  Lateral  restraint 
of  the  ice  sheet  depends  on  the  character  of  the 
reservoir  shores  and  the  slopes  of  the  upstream 
face  of  the  dam. 

In   view  of  all  of  these   variables,   the  designer 
l-    faced    with   a   difficult    task   in   estimating   the 
amount  of  ice  pressure  acting  against  a  structure 
However,  several  aids  are  available  to  help  in  the 
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design.  In  1947  Rose  [1]  2  collected  and  put  into 
usable  form  all  the  known  data  on  ice  pressures. 
His  charts,  figure  163,  show  the  thrust  in  kips 
for  thicknesses  up  to  4  feet  for  air  temperature 
rises  of  5°,  10°,  or  15°  F.  per  hour  (curves  A,  B, 
and  C),  respectively.  The  designer  may  elect  to 
include  or  disregard  the  effects  of  lateral  restraint 
and  solar  energy. 

Since  1947  the  Bureau  of  Reclamation  has 
conducted  field  and  laboratory  tests  on  ice  tem- 
peratures and  pressures.  These  tests  have  been 
summarized  by  Monfore  [2].  With  the  installed 
equipment,  ice  pressures  were  obtained  directly 
from  gages  or  by  computations  based  on  ice 
temperature  readings.  Close  agreement  was 
obtained  by  the  two  methods.  In  the  field  tests 
at  Eleven  Mile  Canyon  Reservoir,  it  was  found 
that  most  of  the  expansion  in  the  ice  sheet  took 
place  in  the  upper  portions  and,  therefore,  the 
thrust  was  largely  concentrated  there.  In  the 
computations  for  thrust  exerted  by  an  18-inch- 
thick  sheet,  it  was  found  that  no  change  in  tem- 
perature occurred  at  the  bottom  of  the  ice;  hence. 
zero  pressure  was  assumed  there.  It  was  also 
demonstrated  that  a  5-inch  snow  covering  had  a 
remarkable  insulating  effect  in  preventing  tem- 
perature rise  and  thus  minimizing  the  ice  thrust. 

Within    the   United   States   it   is   onlv   in    the 


2  Xumbers  in  brackets  refer  to  items  in  the  bibliography,  sec.  178. 


northern  and  mountainous  regions  that  ice  pres- 
sures can  be  expected  to  be  a  significant  load  on 
small  dams.  Where  a  gravity  diversion  dam  has 
gates,  it  is  common  practice  to  heat  the  gates 
and  thus  prevent  ice  forming  against  the  metal, 
but  in  the  abutment  sections  ice  load  can  be  an 
important  consideration. 

163.  Earthquake.  —  (a)  General. — Earthquakes 
impart  accelerations  to  the  dam  which  may  in- 
crease the  water  and  silt  pressures  on  the  dam 
and  the  stresses  within  the  dam.  Some  allowance 
for  earthquake  loads  must  be  made  in  the  design 
of  concrete  gravity  dams  to  be  constructed  in 
seismic  zones.  In  addition  to  the  increase  in 
water  loads  and  in  silt  loads  (if  applicable),  the 
effect  of  earthquake  on  the  dead  load  of  the  struc- 
ture must  be  recognized. 

Both  vertical  and  horizontal  earthquake  loads 
should  be  applied  in  the  direction  which  produces 
the  least  stable  structure.  For  the  condition  of 
full  reservoir  this  will  be  a  foundation  shock  in 
the  upstream  direction  and  a  foundation  shock 
downward.  The  first  increases  the  water  load 
and  produces  an  overturning  moment  due  to 
inertia  on  the  concrete.  The  second,  in  effect, 
causes  the  concrete  and  water  above  a  sloping  face 
to  weigh  less  and  in  this  way  reduces  the  stability 
of  the  structure. 

In  order  to  determine  the  total  forces  due  to  an 
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Figure  163.     Ice  thrust  in  relation  to  ice  thickness,  air-temperature  rise,  and  restraint. 
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earthquake,  it  is  nnrrnmrj  to  establish  the  earth- 
quake intensity  or  acceleration,  Tins  is  usually 
expressed  in  relation  i<>  the  acceleration  due  to 
gravit)  The  accelerations  that  maj  be  reason- 
al)h  expected  at  the  damsite  are  determined  from 
a  consideration  of  the  geology  of  the  site,  proximity 
to  major  faults,  previous  earthquake  history  of  the 
region,  and  such  seismic  records  us  are  available. 
lu  areas  not  subjected  to  extreme  earthquake  con- 
ditions n  horizontal  acceleration  of  <).  10  of  grai  it  \ 
ami  n  vertical  acceleration  of  0.05  of  gravit)  are 
generally  used. 

Experimental  and  analytical  procedures  show 
that,  because  of  the  internal  shear  resistance  of  the 
silt,  an  earthquake  acceleration  up  to  approxi- 
mately 0.30  of  gravity  is  only  about  half  as  effec- 
tive in  sill  as  in  water.  Since  the  unit  weight  of 
water  is  about  one-half  that  of  silt,  the  increase 
in    pressure    on    the    dam    due    to    earthquake    is 

approximately  the  same  for  either  silt  or  water. 
Resonance  in  low  dams  is  not  likely  to  occur 

during  earthquake  shock  for  several  reasons. 
The  fundamental  period  of  vibration  of  M  concrete 

dam  50  feet  high  and  of  triangular  cross  section  is 
is  between  0.03  mid  0.04  of  a  second.  Vibration 
periods  of  important    earth   shocks  are  estimated 

by  various  authorities  to  lie  between  0.2  and  1.0 

second;  therefore,  serious  resonance  between  the 
dam  and  the  earth  shock  will  not  take  place.  Fur- 
thermore, earthquakes  are  experimentally  and  anal- 
ytically treated  as  harmonic  hut  ground  motions 
recorded  in  the  destructive  zone  of  the  quake  do 
not  appear  to  he  harmonic  Also,  many  forms  of 
damping  that  are  difficult  to  evaluate  act  to 
prevent  resonance. 

In  1952  Zanger  [3]  presented  formulas  for  com- 
puting the  hydrodynamic  pressures  exerted  on 
vertical  and  sloping  faces  by  horizontal  earth- 
quake.  The  formula-  were  derived  by  electric 
analogy,  based  on  the  assumption  that  water  is 
incompressible.  For  low  dams  the  error  involved 
in  computing  the  earthquake  force  on  the  water 
because  of  this  simplifying  assumption  is  probably 
less  than   1   percent . 

(b)  Horizontal  Earthquake.  The  effect  of  in- 
ertia on  the  concrete  should  he  applied  at  the 
center  of  gravity  of  the  mass,  regardless  of  the 
shape  of  the  cross  section.  For  dams  with  vertical 
or  sloping  upstream  faces,  the  increase  in  water 
pressure,  /' .  in  pounds  per  square  foot,  at  any 


elevation  due  to  horizontal  earthquake  is  given  by 

the  following  equal  loii 


/',      C  \>rh 


where 


('(a  dimensionless  coefficient  giving  the  distri- 
bution and  magnitude  of  pressui 


4[K<-0+VKH)l 


X=the  earthquake  intensity^ 

earthquake  acceleration, 
acceleration  of  gravity 

t0=unit  weight  of  \\  ater,  pound-  per  cubic  foot, 
a = total    depth   of  reservoir  at   section   being 

-t  udied,  feet , 
y=the     vertical     distance     from     the     reservoir 

surface     to     the     elevation     in     question, 

feet ,  and 
Cm  =  maximum  value  of  C  for  a  given  constant 
slope  (fig.   Hi  t 

Values  of  C  for  various  degrees  of  slope  and  rela- 
tions of  y  and  A  may  he  obtained  from  figure  165. 
It  may  he  shown  analytically  that  the  total 
horizontal  force,  I',,  above  any  elevation  y  dis- 
tance below  the  reservoir  surface,  and  the  total 
overturning  moment,  Mt<  above  that  elevation  are: 


I  ',  =  0.726  Pty 

and 
\I,  -0.299  /',;/-' 


(3) 


(4) 


For  dams  with  a  combination  vertical  and  slop- 
ing face,  the  procedure  to  be  used  is  governed  by 


0-3  0  4 

POSSUM  COffflClENT    C 


Figurt  164.      Base  and  maximum  pressure  coefficients  for 
constant  sloping  faces. 
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the  relation  of  the  height  of  the  vertical  portion  to 
the  total  height  of  the  dam,  as  follows: 

(1)  If  the  height  of  the  vertical  portion  of  the 
upstream  face  of  the  dam  is  equal  to  or  greater 
than  one-half  the  total  height  of  the  dam,  analyze 
as  if  vertical  throughout. 

(2)  If  the  height  of  the  vertical  portion  of  the 
upstream  face  of  the  dam  is  less  than  one-half  of 
the  total  height  of  the  dam,  use  the  pressures  on 
a  sloping  line  connecting  the  point  of  intersection 
of  the  upstream  face  of  the  dam  and  reservoir 
surface  with  the  point  of  intersection  of  the 
upstream  face  of  the  dam  and  the  foundation. 

(c)  Vertical  Earthquake. — On  sloping  faces  of 
dams  the  weight  of  the  water  above  the  slope 
should  be  modified  by  the  appropriate  acceleration 
factor.  The  weight  of  the  concrete  also  should 
be  modified  by  this  acceleration  factor. 

164.  Weight  of  Structure. — The  weight  of  the 
structure  includes  the  weight  of  the  concrete  plus 
appurtenances  such  as  gates  and  bridges.     How- 


ever, for  most  low  dams  only  the  dead  load  due  to 
the  weight  of  the  concrete  is  used  in  the  analysis. 
The  unit  weight  of  concrete  ordinarily  is  con- 
sidered to  be  150  pounds  per  cubic  foot.  The 
total  weight  acts  vertically  through  the  center  of 
gravity  of  the  cross  section. 

165.  Reaction  of  Foundation. — Under  stable  con- 
ditions the  resultant  of  the  horizontal  and  vertical 
loads  on  the  dam  will  be  balanced  by  an  equal  and 
opposite  force  which  constitutes  the  reaction  of 
the  foundation.  The  vertical  reaction  of  the 
foundation,  computed  without  uplift,  is  repre- 
sented by  the  trapezoid  A\2B,  figure  166(B). 

The  stresses  .41  and  B2  are  determined  by  the 
use  of  eccentric  loading  formulas  and  are  as  fol- 
lows: 


■0+1) 


2W 
:  T 


(5) 


(6) 
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When  uplift  is  introduced  and  the  uplift  pressure 
ni  the  upstream  face  is  lees  than  -H,  the  dam  is 
stiil-lr  against  overturning  and  the  final  §tr< 
iiiu\  be  computed  by  the  above  formulas.  If  the 
uplift  pressure  at  « Ju-  upstream  face  is  greatei 
than  .11.  the  foundation  pressure  at  the  base  will 
have  to  be  revised  as  in  figure  166(D)). 

To  revise  tin-  foundation  pressure  due  to  ex- 
oessive  uplift,  the  following  procedure  should  be 
used 

(1)  A  horizontal  crack  is  assumed  t<>  exist  and 
extend  from  the  upstream  face  toward  the  down- 
stream   face    to   a    point    where    the   vertical  stress 


of  the  adjusted  diagram   is  equal  to  the  uplift 
pressure  at  the  upstream  face  (fig.  161    D 

(2i   From    figure    I'  .11)     and    taking 

moments  about   the  center  of  gravity  of  the  base, 
there  are  obtained: 


and 


,  1'U 

r'-3(H) 


mJtGW-M-T)+M 


- 

(8) 
(9) 


C.    REQUIREMENTS  FOR  STABILITY 


166.  General.  A  concrete  gravity  dam  must 
he  designed  to  resist,  with  ample  factor  of  safet\. 
these  three  tendencies  to  destruction:  (1)  over- 
turning,  (2)  sliding,  and   CA)  overs! ressing. 

167.  Overturning.  There  is  n  tendency  for 
a  gravity  dam  to  overturn  about  the  downstream 
toe  at  the  foundation,  or  about  the  downstream 
edge  of  any  horizontal  section.  If  the  vertical 
stress  nt  the  upstream  edge  of  any  horizontal 
section  computed  without  uplift  exceeds  the  up- 
lift pressure  at  that  point,  the  dam  is  considered 
to  be  safe  against  overturning  with  an  ample 
factor  of  safety.  If  the  uplift  pressure  at  the 
upstream  face  exceeds  the  vertical  stress  at  any 
horizontal  section  computed  without  uplift,  the 
uplift  forces  along  the  assumed  horizontal  crack 
greatly  increase  the  tendency  for  the  dam  to  over- 
turn about  the  downstream  face.  Under  this 
condition,  however,  if  lib  in  figure  166(D)  is  less 
than  the  allowable  stress  in  the  concrete  and  the 
allowable  stress  in  the  foundation,  the  dam  is 
considered  to  be  safe  against  overturning. 

168.  Sliding.  The  horizontal  force,  XV,  tends 
to  displace  the  dam  in  a  horizontal  direction.  This 
tendency  is  resisted  by  the  frictional  and  shearing 
resistance  of  the  concrete  or  the  foundation. 

The  shear  friction  factor  (4],  a  criterion  normally 
used  for  higher  dams,  is  not  recommended  for  use 
in  the  design  of  dams  within  the  scope  of  this  text 
although  it  is  recognized  that  economical  design 
of  concrete  dams  on  good  rock  may  be  penalized 
thereby.  Cohesive  characteristics  of  the  concrete 
or  rock,   which   greatly   affect    the  shear  friction 
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factor,  must  be  determined  by  special  laboratory 
tests  or  estimated  by  an  engineer  who  has  had 
considerable  experience  in  this  specific  field.  For 
small  structures  where  it  is  not  economical  to 
perform  these  tests  or  to  obtain  expert  advice,  the 
usual  method  of  checking  the  structure  for  hori- 
zontal displacement  is  by  determination  of  a 
sliding  factor. 

The  allowable  sliding  factor  is  the  coefficient  of 
static  friction  between  two  sliding  surfaces  reduced 
by  an  appropriate  factor  of  safety.  If /represents 
the  allowable  sliding  factor,  a  dam  is  considered 

safe  against   sliding  when  y\i7Tj  *s  equ&l  to  or 

less  than  /.  Exact  values  for  coefficients  of  static 
friction  cannot  be  determined  without  the  benefit 
of  laboratory  tests,  but  the  allowable  sliding 
factors  given  below,  which  include  ample  factors 
of  safety  for  concrete  against  sliding  on  the  various 
foundation  materials,  may  be  used  as  a  general 
guide: 

Material :  / 

Sound  rock,  clean  and  irregular  surface 0.  8 

Rock,  some  jointing  and  laminations . .7 

Gravel  and  coarse  sand .  4 

Sand .  3 

Shale .  3 

Silt  and  clay (') 

i  Testing  required. 

Concrete  cutoff  walls  are  often  provided  on 
structures  constructed  on  foundations  other  than 
rock.  The  cutoff,  properly  proportioned  and 
reinforced,  prevents  displacement  of  the  structure 
by  internal  shear  resistance  of  the  cutoff  itself  and 
the  additional  volume  of  soil  that  must  be  moved 
before    the   structure   can   slide.     To   accomplish 


this  objective,  the  cutoff  must  be  designed  as  a 
cantilever  beam  loaded  with  the  horizontal  force 
that  is  in  excess  of  the  foundation's  resistance  to 
sliding. 

If  a  stratum  of  a  soil  weaker  than  the  overlying 
strata  exists  in  the  foundation,  the  sliding  should 
also  be  investigated  along  the  top  of  the  weak  bed. 
In  this  case,  however,  the  weight  of  the  overlying 
strata  and  the  shearing  resistance  of  materials 
downstream  from  the  structure  also  would  be 
considered  in  computing  the  sliding  factor. 

169.  Overstressing. — The  unit  stresses  in  the 
concrete  and  the  foundation  must  be  kept  within 
prescribed  maximum  values.  Normally,  the 
stresses  in  the  concrete  of  gravity  dams  within  the 
scope  of  this  text  will  be  so  low  that  a  concrete  mix 
designed  as  specified  in  appendix  F  to  meet  other 
requirements  such  as  durability  and  workability 
will  attain  sufficient  strength  to  insure  a  factor  of 
safety  of  at  least  4  against  overstressing. 

The  foundation  should  be  investigated  and  the 
maximum  allowable  stress  established.  Engineer- 
ing properties  of  foundation  materials  and  accom- 
panying considerations  affecting  such  properties 
are  discussed  in  chapter  IV.  Local  codes  of 
allowable  bearing  pressures  and  engineers  qualified 
in  evaluating  the  adequacy  of  foundation  materials 
should  be  consulted  as  far  as  possible  before  final 
design.  Suggested  allowable  bearing  values  for 
footings  for  structures  appurtenant  to  small  dams 
are  given  in  appendix  C.  These  may  be  used  as  a 
guide  in  designing  small  concrete  dams.  If  there  is 
any  doubt  as  to  the  proper  classification  and  ade- 
quacy of  the  foundation  materials,  laboratory 
tests  should  be  made  to  determine  the  allowable 
bearing  pressures. 


D.    DAMS  ON  PERVIOUS  FOUNDATIONS 


1  70.  General. — Small  gravity  dams  constructed 
on  rock  present  relatively  few  difficult  foundation 
problems.  The  design  of  dams  on  pervious  foun- 
dations, however,  involves  problems  of  erosion 
of  the  foundation  material  and  seepage  under  the 
structure.  The  complexity  of  these  problems 
varies  greatly  and  depends  on  the  type,  stratifica- 
tion, permeability,  homogeneity,  and  other  proper- 
ties of  the  foundation  materials  as  well  as  the  size 
and  physical  requirements  of  the  structure  itself. 


Concrete  gravity  storage  dams  and  diversion 
dams  more  than  20  feet  high  on  pervious  founda- 
tions usually  require  extensive  field  and  laboratory 
investigations.  Such  structures  are  beyond  the 
scope  of  this  text,  which  for  pervious  foundations 
is  limited  to  gravity  dams  whose  maximum  net 
head  (headwater  to  tailwater)  is  not  appreciably 
greater  than  20  feet. 

The  control  of  erosion,  seepage,  and  uplift 
forces     under     dams     constructed     on     pervious 
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foundation  often  requires  the  use  of  some,  all,  or 
various  combinations  of  the  following  devices 

Upstream  apron,  with  or  without 
cutoffs  at  the  upstream  end. 

Downstream  apron,  with  or  without 
cutoff-  at  the  downstream  end,  and  with  or 
without  filters  and  drams  under  the  apron. 

<  lutoffs    at    the    upstream    or    do*  n- 
•trsam    end    or   at    both   ends  of   the   weir 
or  control  section,  with  or  without  filters  or 
drains  under  the  section 
The  locations  and  extent  of  these  de\  ices  to  obtain 
optimum  safety   and  economj   of  design  depend 
on  nian\   conditions.     Therefore,  <»nl\    brief  dis- 
cussions   of    devices    or    coinhinat ions    of    devices 
which    might    be    used    with    relatively   simple   di- 
\ arsion  dam-  are  discussed. 

171.  Aprons.  A  concrete  apron  may  be  placed 
Upstream  of  the  dam  in  conjunction  with  one 
of  the  various  t\  pes  of  CUtoff  walls.  The  function 
of  the  apron  is  to  increase  the  length  of  the  path  of 
percolation    in    older    to    reduce    uplift    under    the 

main  portion  of  the  dam.     Usually  the  apron  is 

connected   to  the  dam  and  to  a  concrete  cap  over 

the  piling  with  flexible  waterstops,  which  allow 
differentia]  movement  to  take  place  without 
accompanying  detrimental  cracking.  The  safety 
of  the  structure  may  he  further  improved  by 
placing  an  impervious  earth  blanket  over  a 
portion  of  the  concrete  apron  and   the  streambed 

upstream  from  it. 

Downstream  concrete  aprons  have  two  func- 
tion- They  lengthen  the  path  of  percolation  in 
the  foundations  and  also  provide  a  basin  where 
the  energy  of  the  overflowing  water  maj  be  safely 
dissipated.  Energy  dissipation  on  the  concrete 
help-  in  prevent  dangerous  eio-ion  at  the  toe  of 
the  dam.  In  cases  where  it  i-  not  feasible  to 
construct  a  concrete  apron  of  sufficient  length  to 
avoid  erosion  completely,  additional  protection 
max  be  gained  by  placing  riprap  downstream  from 
the  apron 

172.  Cutoff  Walls.  Cutoff  wall-  may  be  con- 
structed of  timber,  concrete,  cement-bound  cur- 
tains. Bteel  sheet  piling,  or  impervious  earth 
Compacted      in     a     trench.      Bach     type     can      be 

effective  under  appropriate  circumstam 

Timber  piling  ma\  be  used  a-  cutoffs  under 
upstream    or    downstream    apron-      Dimension 

timber  piling  i-  not  recommended  where  driving  is 

necessar}       Better  construction  practice  consists 


nl  erecting  overlapping  treated  timber-  in  an 
excavated  open  trench  and  then  backfilling  and 
compacting  impervious  material  in  the  trench 
around  the  timbers  Tin-  method  present-  broom- 
ing or  Bplitting  of  the   Umbel-  which   results  when 

timber  i-  driven  through  -and  and  gravel.     If  the 
piling  is  seated  on  an  impervious  Btratum  and  i- 
properiy  connected  to  the  concrete  apron,  a  tight 
barrier  to  underseepage  is  provided. 
Concrete  cutoffs  maj   be  used  under  aprot 

under  the  weir  section.  Thc\  tna\  be  constructed 
l>\  trenching  with  a  machine  or  l>\  hand  labor  and 
backfilling  against   the  undisturbed  Bides  of  the 

trench,  or  they  may  be  constructed  l>\  forming 
the  concrete  wall  in  an  open  excavated  trench  and 
then  backfilling  and  compacting  impervious  ma- 
terial in  the  trench  and  around  the  wall.  A 
concrete  cut  oil'  i-  probably  the  be- 1  type  of  wall  for 
preventing  underseepage  and  is  often  used.  In 
addition  to  acting  a-  a  cutoff,  such  a  cutoff  can 
be  designed  to  contribute  substantially  to  the 
stability  slidinir  resistance)  of  the  dam  when 
placed    under   the   weir  section 

Cement-bound  curtain  cutoffs  have  been  used 
under  the  upstream  apron  on  two  concrete  gravity 
diversion  structures  by  the  Bureau  of  Reclama- 
tion. The  construction  of  this  type  of  cutoff  is 
described  in  section  126 

Sheet  piling  cutoffs  of  interlocking  steel  sections 
are  often  used  under  the  aprons  of  diversion  dams 
The  main  advantage  of  this  type  is  that  it  is 
economical  and  is  easily  connected  to  a  concrete 
apron  at  riverbed  A  more  complete  discussion 
of  sheet  piling  cutoffs  will  be  found  in  section 
I26(d  '. 

173.  Filters  and  Drains.  Relief  of  uplift  pres- 
sures under  the  apron  or  downstream  toe  of  the 
dam  may  be  accomplished  by  dram-  Drains  are 
often  of  sewer  pipe  and  are  laid  in  graded  material 
which  acts  a-  a  tiller.  The\  may  be  perforated 
pipe  or  plain  pipe  laid  with  open  joints.  The 
drains  may  be  located  at  the  downstream  toe  of 
the  dam,  at  selected  places  under  the  downstream 
apron,  and  immediately  upstream  from  the  down- 
stream ciltolf. 

W  eep    hole-    are    commonly     u-ed    for    relief    of 
uplift    pressure    under   aprons    and    behind    walls 
It   is  important   that   the  gradation  of  the  filter 
materials  used  in  conjunction  with  the  weep  holes 
be  can-fully  selected  with  respect  to  the  gradation 

of    the    foundation    material-    to    prevent     piping. 
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Both  uniform  grain-size  and  graded  filters  are 
used.  The  design  of  filters  is  given  in  section  126 
(h)  and  (i). 

1  74.  Uplift  and  Seepage. — Cutoff  walls,  aprons, 
and  drains  are  installed  for  two  reasons:  To  con- 
trol the  amount  of  seepage  under  the  dam,  and  to 
limit  the  intensity  of  the  uplift  so  that  the  stability 
of  the  structure  will  not  be  threatened.  Several 
factors  such  as  head  on  the  dam,  permeability  of 
the  foundation,  length  of  upstream  and  down- 
stream aprons,  depths  and  tightness  of  cutoff,  and 
effectiveness  of  drains  enter  into  consideration  of 
underseepage  and  uplift. 

The  magnitude  and  distribution  of  seepage 
forces  in  the  foundation  and  the  amount  of  under- 
seepage for  a  given  coefficient  of  permeability  can 
be  obtained  from  a  flow  net.  A  discussion  of  the 
flow  net  together  with  references  to  standard  texts 
which  treat  the  method  of  drawing  and  applying 
the  flow  net  to  problems  involving  subsurface  flow 
is  given  in  section  125(c).  The  construction  of 
flow  nets  for  analysis  of  underseepage  problems 
for  small  diversion  dams  constructed  on  pervious 
foundations  is  not  required  for  the  reasons  given 
in  the  referenced  discussion. 

The  amount  of  underseepage  can  be  approxi- 
mated by  use  of  the  Darcy  formula,  as  given  in 
section  125(b).  The  weighted-creep  theory,  as 
developed  by  Lane  [5J,  is  suggested  as  a  means  for 
designing  low  concrete  dams  on  pervious  founda- 
tions to  be  safe  against  uplift  pressures  and  piping. 
Although  this  is  an  empirical  method,  consider- 
able confidence  has  been  placed  in  it  by  many 
engineers  and  it  has  been  successfully  used  for  the 
design  of  many  structures. 

Mr.  Lane  gives  credit  for  various  concepts  of 
creep  analysis  to  the  early  investigators,  Clibborn, 
Beresford,  Bligh,  Griffith,  and  others.  He  did, 
however,  test  his  theory  by  analysis  of  more  than 
200  dams  on  pervious  foundations,  botli  failures 
and  nonfailures.  His  main  conclusions  (omitting 
those  regarding  the  "short-path"  which  is  not 
applicable  here)  weie  as  follows: 

(1)  The  weighted-creep  distance  of  a  cross 
section  of  a  dam  is  the  sum  of  the  vertical 
creep  distances  (steeper  than  45°)  plus  one- 
third  of  the  horizontal  creep  distances  (less 
than  45°). 

(2)  The  weighted-creep  head  ratio  is  the 
weighted-creep  distance  divided  by  the  effec- 
tive head. 
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(3)  Reverse  filter  drains,  weep  holes,  and 
pipe  drains  are  aids  to  security  from  under- 
seepage, and  recommended  safe  weighted- 
creep  head  ratios  may  be  reduced  as  much  as 
10  percent  if  they  are  used. 

(4)  Care  must  be  exercised  to  insure  that 
cutoffs  are  properly  tied  in  at  the  ends  so  that 
the  water  will  not  outflank  them. 

(5)  The  upward  pressure  to  be  used  in 
design  may  be  estimated  by  assuming  that 
the  drop  in  pressure  from  headwater  to 
tailwater  along  the  contact  line  of  the  dam 
and  foundation  is  proportional  to  the 
weighted-creep  distance. 

Based  on  his  findings,  Mr.  Lane  recommended 
the  weighted-creep  ratios  shown  below: 

Material :  Ratio 

Very  fine  sand  or  silt 8.  5 

Fine  sand 7.  0 

Medium  sand 6.  0 

Coarse  sand 5.  0 

Fine  gravel 4.  0 

Medium  gravel 3.  5 

Coarse  gravel  including  cobbles 3.  0 

Boulders  with  some  cobbles  and  gravel 2.  5 

Soft  clay 3.  0 

Medium  clay 2.  0 

Hard  clay 1.  8 

Very  hard  clay  or  hardpan 1.  6 

Figure  167  is  an  example  of  the  application  of 
Lane's  weighted-creep  theory  to  the  design  of  a 
concrete  dam.  In  this  example,  the  design  is 
investigated  to  determine  on  what  types  of 
foundations  this  dam  would  be  judged  safe  and 
the  magnitudes  of  the  uplift  at  various  points 
under  the  structures  are  calculated.  For  the 
purposes  of  this  example,  it  is  assumed  that  the 
maximum  head  differential  occurs  with  the  head- 
water at  the  elevation  of  the  crest.  All  other 
combinations  of  headwater  and  tailwater  should 
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Figure  167.     Typical  section  of  a  concrete  dam  on  a   pervious 
foundation. 
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b«   investigated    to   establish    maximum   loading 
conditions 

For  figure  167: 
Weighted  length  of  path     15  •  16       I 

+  !  ;"      72  feel 

Head  on  structure     Headwater     tailwater 

25     5     20  feel 

72 
\\  eighted-creep  ratio    .       •'*•> 

rding  to  Lane's  recommended  ratios,  this  dam 
would  be  snfr  on  claj  or  on  medium  and  course 
gravel,  but  not  on  silt.  Band,  <>r  fine  gravel.  With 
properrj  placed  drains  and  filters,  the  structure 
would  probably  be  considered  safe  on  a  fine  gravel 

foundation  as  indicated  by  conclusion  (3). 

The   uplift    ina\    be   computed   as   indicated    by 
conclusion 

ri  rr,  t   \      >n     (15+15+10)     ,)M 

I  plift.  point  A      JO—  _,  X20 

+  5  (depth  of  tailwater  above 
foundation  level) 

=  20-11.1+5 

=  13.9  feel 

ii  if,          ,  o     on     <1:»  '  [1  !  ln  -3  +  3+10) 
I  plift,  point  B  =  20 — — 

X20  +  5 


20     15.6+5 
=  9.4  feet. 


Total  uplift 


2 1,840  pounds  per  fool  of  crest 
length  of  dam 

The  weighted-creep  bead  ratio  can  be  increased 
by  increasing  the  depth  of  cutoff  or  l>\  increasing 
the  apron  length.  Either  of  these  alternatives 
would  aUo  decrease  the  uplift  under  the  -tinc- 
ture The  dam  shown  in  figure  167  IS  a  rather 
common  installation  and  the  example  was  simpli- 
fied to  illustrate  the  method.  Discussion  of  a 
more  complicated  design  such  as  a  dam  with  two 
or  more  deep  cutoffs,  which  requires  application 
of  the  "short-path"  theory,  has  been  omitted 
Mr  Lane-  article  [5]  should  be  consulted  for 
details   for  complex   designs. 

In  addition  to  the  Mow  net  and  weighted-creep 
methods  of  estimating   the   distribution   of   uplift 

pressure  are  Khosla's  method  of  independent  vari- 
ables [b]  and  Rao's  relaxation  method  |7]  which 
can  be  used  for  making  computations  of  uplift  at 
critical  points  along  the  base  of  the  structure. 
Because  these  theories  are  highly  mathematical 
they   are   not    discussed   in    this   text. 

Seepage  forces  and  piping  in  a  pervious  foun- 
dation are  discussed  in  section  125(c).  The  pos- 
sibility of  piping  may  be  alleviated  by  several 
methods.  As  shown  on  figure  1<>7.  a  cutoff  may 
be  constructed  at  the  downstream  end  of  the 
apron.  A  drain  laid  in  graded  material  which 
acts  as  a  filter  may  be  placed  immediately  up- 
Stream  of  the  cutoff,  or  riprap  on  a  graded  blan- 
ket of  gravel  may  be  placed  on  the  material 
downstream  of  the  apron  to  increase  the  downward 
foro 


E.     DETAILS  OF  LAYOUT  AND  DESIGN 


175.  General.     If  a  concrete  dam  is  appreciabl) 

more  than  .".0  feet  in  length,  it  is  necessary  to 
divide  the  structure  into  blocks  l>\  providing  trans- 
contraction  joints  The  spacing  of  the 
joint-  i-  determined  by  the  capacity  of  the  con- 
creting facilities  to  be  used  and  consideration-  of 
volumetric  changes  and  attendant  cracking  caused 
In  shrinkage  and  temperature  variations  The 
possibilities  of  detrimental  cracking  can  be  greatly 
reduced    b\     the    selection    of    the    proper    t  \  pe    of 


cement  and  by  careful  control  of  mixing  and  plac- 
ing procedures  (see  appendix  F).  In  no  case, 
however,  is  it  advisable  lo  exceed  50-foot  -pacing 
of  contraction  joints  in  constructing  small  con- 
crete dam-  Where  foundation  conditions  are 
such  that  undesirable  differential  settlement  or 
displacement  between  adjacent  blocks  will  occur, 
shear  keys  are  formed  in  the  contraction  joints. 
These  nia\  be  formed  vertically,  horizontally,  or 
a    combination    of   both    depending   on    the    direc- 
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tion  of  the  expected  displacement.  Leakage 
through  the  contraction  joints  is  controlled  re- 
placing rubber  or  metal  waterstops  across  the 
joints  near  the  upstream  face  of  the  dam.  Typical 
details  of  shear  keys  and  waterstops  are  shown 
in  figures  168  and  169. 

1  76.  Nonoverflow  Sections. — The  elevation  of  the 
top  of  a  nonoverflow  dam  is  established  by  assum- 
ing a  safe  freeboard  above  the  maximum  high 
water  surface  in  the  reservoir.  The  freeboard 
should  be  sufficient  to  allow  for  the  maximum 
wave  height  as  given  in  the  first  tabulation  of 
section  136.  Although  only  one-half  of  the  wave 
height  is  above  the  mean  water  level,  the  full 
height  is  ordinarily  used  to  allow  for  the  run  of  the 
waves  up  the  face  of  the  dam.  A  minimum 
freeboard  of  3  feet  is  recommended  for  most  small 
concrete  dams. 

The  top  width  is  determined  by  such  require- 
ments as  the  need  for  travel  across  the  dam  or  for 
access  to  gate-operating  mechanism,  and  by 
climatic  conditions.  A  top  width  of  less  than  4 
feet  is  not  recommended. 

The  width  of  the  base  and  the  slope  of  the  down- 
stream face  are  determined  by  a  stability  analysis. 
The  customary  method  is  to  assume  a  section  with 
the  slope  of  the  downstream  face  approximately 
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SECTION    A-A 
Figure  168.     Typical  contraction  joint  shear  keys. 
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RUBBER  WATERSTOP 
Figure  169.     Waterstop  installations. 

0.70  horizontally  to  1.0  vertically  and  intersecting 
a  vertical  upstream  face  at  the  top  of  the  dam. 
The  assumed  section  is  then  analyzed  and  modified 
as  required  by  the  analysis  until  it  meets  the 
stability  requirements.  If  the  dam  is  stable 
about  its  base  and  also  about  any  section  where 
there  is  a  break  in  the  continuity  of  slope  of  either 
the  upstream  or  downstream  face,  the  portion  of 
the  dam  between  any  of  these  sections  is  stable 
and  does  not  require  analyzing. 

1  77.  Overflow  Sections. — In  general,  the  method 
for  determining  the  stability  of  overflow  dams  is 
the  same  as  that  previously  described  for  non- 
overflow  dams. 

The  shape  of  the  crest,  the  profile  of  the  down- 
stream face,  and  details  of  the  energy  dissipating 
basin  or  bucket  are  discussed  in  chapter  VIII. 
It  is  customar}'  to  provide  a  longitudinal  con- 
traction joint  at  the  downstream  toe,  as  shown  in 
figure  162,  and  then  only  that  portion  of  the  dam 
upstream  of  the  joint  is  used  in  the  stability 
computations. 

In  cases  where  the  dissipating  device  extends 
onlv  a  short  distance  below  the  downstream  toe 
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anil  is  funk  massive,  the  contraction  joint  may  be 
omitted  The  Btructure  below  tin-  toe  is  then 
included  in  the  stability  analysis  and  is  so  rein- 

I  that  it  and  the  gravity  portion  will  act 
iiini      Under  certain  conditions  an  apron  at  the 
upstream  fine  may  be  the  most   economical  ar- 
rangement   to   insure   stability      This   Btructure, 
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properly  reinforced,  if  alto  used  in  tin-  stability 
iiiial  \ 

Overflow  dam-  utilizing  control  features  intro- 
duce an  additional  problem.  The  forces  acting  on 
these  features  mm  produce  tension  in  the  upper 
portion  of  the  dam  which  u  ill  require  adequate 
reinforcement 
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Spillways 


C.  J.  HOFFMAN 


A.     GENERAL 


179.  Function.  Spillways  are  provided  for  stor- 
age and  detenl  ion  dams  to  release  surplus  or  flood- 
water  which  cannot  be  contained  in  the  allotted 
Storage  Bpace,   and  at    diversion   darns   to    bypass 

How-  exceeding  those  which  are  turned  into  the 
diversion  By  stem.     Ordinarily,  the  excess  is  drawn 

from     the    top    of    the    pool   created    hy  the    dam 

and  conveyed  through  an  artificial  waterway  back 

to  the  river  or  to  some  natural  drainage  channel. 
Figure  I7n  shows  a  small  spillway  in  operation. 

The  importance  of  a  safe  spillway  cannot  be 
overemphasized;  many  failures  of  dams  have  been 
caused  by  improperly  designed  spillways  or  by 
spillways  of  insufficient  capacity.  Ample  capacity 
is  of  paramount  importance  for  earthfill  and 
rocklill  dams,  which  are  likely  to  he  destroyed  if 
overtopped;  whereas,  concrete  dams  may  he  able 
to  withstand  moderate  overtopping.  Usually, 
increase  in  cost  is  not  directly  proportional  to 
increase  in  capacity.  Very  often  the  cost  of  a 
spillway  of  ample  capacity  will  he  only  moderately 
higher  than  that  of  one  which  is  obviously  too 
small. 

In  addition  to  providing  sufficient  capacity,  the 
spillway  must  he  hydraulically  and  structurally 
adequate  and  must  he  located  so  that  spillway  dis- 
charges will  not  erode  or  undermine  the  down- 
stream toe  of  the  dam.  The  spillway's  hounding 
surfaces  must  he  erosion  resistant  to  withstand  the 
high  scouring  velocities  created  hy  the  drop  from 
the  reservoir  surface  to  tailwater.  and  usually 
some  device  will  he  required  for  dissipation  of 
energy  at  the  bottom  of  the  drop. 

The  frequency  of  spillway  use  will  he  deter- 
mined by  the  runoff  characteristics  of  the  drainage 
area  and  hy  the  nature  of  the  development. 
i  BngtnMr,  BptDwtyi  ind  Outlet  w  .irk-  Bwtlan,  Riimn  "i  R*  1  awUan 


Ordinary  riverflows  are  usually  stored  in  the 
reservoir,  diverted  through  headworks.  or  released 
through  outlets,  and  the  spillway  is  not  re- 
quired to  function.  Spillway  (lows  will  result 
during  Hoods  or  periods  of  sustained  high  runoff 
when  t  he  capacities  of  other  facilities  are  exceeded 
Where  large  reservoir  storage  is  provided,  or  w  here 
large  outlet  or  diversion  capacity  is  available,  the 
spillway  will  he  utilized  infrequently.  At  diver- 
sion dams  where  storage  space  is  limited  and 
diversions  are  relatively  small  compared  to  normal 
river  flows,  the  spillway  will  he  used  almost 
constantly. 

180.  Selection  of  Inflow  Design  Flood.  a  Gen- 
eral Considerations.  When  Hoods  occur  in  an 
unobstructed  stream  channel,  it  is  considered  a 
natural.event  for  which  no  individual  or  group 
assumes  responsibility.  However,  when  obstruc- 
tions are  placed  across  the  channel,  it  becomes  the 
responsibility  of  the  sponsors  either  to  make 
certain   that   hazards  to  downstream  interests  are 

not  appreciably  increased  or  to  obligate  them- 
selves for  damages  resulting  from  operation  or 
failure  of  such  structures.  Also,  the  loss  of  the 
facility  and  the  loss  of  project  revenue  occa- 
sioned by  n  failure  should  he  considered. 

If  danger  to  the  structures  alone  were  involved, 
the  sponsors  of  many  projects  would  prefer  to  rely 
on  the  improbability  of  an  extreme  Hood  occur- 
rence rather  than  to  incur  the  expense  necessar\ 
to  assure  complete  safety.  However,  when  the 
risks  involve  downstream  interests,  including  w  ide- 
spread  damage  and  loss  of  life,  a  conservative 
attitude  is  required   in   the  development   of  the 

inflow  design  Hood  Consideration  of  potential 
damage  should  not  he  confined  to  conditions 
existing  at    the  time  of  construction      Probable 
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Figure  170.     A  small  chute  spillway  in  operation  at  Shadow  Mountain  Dam  on  the  Colorado  River  in  Colorado. 


future  development  in  the  downstream  flood  plain, 
encroachment  by  farms  and  resorts,  construction 
of  roads  and  bridges,  etc.,  should  be  evaluated  in 
estimating  damages  and  hazards  to  human  life 
that  would  result  from  failure  of  a  dam. 

Dams  impounding  large  reservoirs  and  built  on 
principal  rivers  with  high  runoff  potential  un- 
questionably can  be  considered  to  be  in  the  high- 
hazard  category.  For  such  developments,  con- 
servative design  criteria  are  selected  on  the  basis 
that  failure  cannot  be  tolerated  because  of  the 
possible  loss  of  life  and  because  of  the  potential 
damages  which  could  approach  disaster  propor- 
tions. However,  small  dams  built  on  isolated 
streams  in  rural  areas  where  failure  would  neither 
jeopardize  human  life  nor  create  damages  beyond 
the  sponsor's  financial  capabilities  can  be  con- 
sidered to  be  in  a  low-hazard  category.  For  such 
developments  design  criteria  may  be  established 
on  a  much  less  conservative  basis.  There  are 
numerous    instances,    however,    where    failure    of 


dams  of  low  heights  and  small  storage  capacities 
have  resulted  in  loss  of  life  and  heavy  property 
damage.  Most  small  dams  will  require  a  reason- 
able conservatism  in  design,  primarily  because  of 
the  criterion  that  a  dam  failure  must  not  present  a 
serious  hazard  to  human  life. 

The  selection  of  the  magnitude  of  an  inflow 
design  flood  involves  a  policy  decision.  The  fol- 
lowing spillway  capacity  requirements,  estab- 
lished by  the  Bureau  of  Reclamation  for 
consideration  of  dams  to  be  constructed  by  means 
of  Federal  loans  under  the  Small  Reclamation 
Projects  Act  of  1956,  are  offered  as  a  guide  in 
making  such  a  decision: 

"(1)  In  case  that  failure  of  the  dam  would  in- 
crease the  danger  to  human  life,  the  spillway 
must  have  sufficient  capacity  to  accommodate  the 
maximum  probable  flood  when  routed  through 
the  reservoir. 

"(2)  In  cases  where  the  failure  of  the  dam  would 
not  increase  the  danger  to  human  life  but  would 
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endanger  the  continued  operation  <»f  tin-  respon- 
siKIc  organization  or  would  cause  beavj  property 
damage,  plana  involving  a  reasonable  risk  will  be 
permitted  if  the  report  ahowa  that  the  risk  is 
clearh  understood  l>\  the  applying  organization. 
In  case  the  failure  <>f  the  dam  would  not 
jeopardize  human  life,  the  continued  operation 
of  the  responsible  organization  <>r  heavj  property 
damage,  the  Bureau  will  not  recommend  against 
approval  of  the  loan  because  i»f  inadequate 
aapacit)  but  should  warn  the  organization  of  the 
risk  involved  and  disclaim  any  responsibility  in 
of  failui 

'I'ln-  foregoing  requirements  are  essentially  the 
■an  .  as  wen  agreed  to  by  a  number  of  prominent 
private  consulting  engineers  in  1946 

(hi  Inflow  Design  Flood  Hydrographs.  Chapter 
II  discusses  the  determination  of  floodflowa  which 
ma\  be  used  as  inllow  design  Hoods.  The  pro- 
cedures presented  permit  the  derivation  of  inflow 
Hood  hydrographs  of  three  magnitudes:  The 
maximum  probable  flood,  the  flood  for  assumption 

A  conditions,  and  the  flood  for  assumption  B 
conditioi:-  ().      All  of  these  floods  are  based 

on  the  bydrometeorologicaJ  approach,  which  re- 
quires estimates  of  storm  potential  and  of  the 
amount  and  distribution  of  runoff. 

Determination  of  the  maximum  probable  flood  is 
baaed  on  rational  consideration  of  the  chances  of 
simultaneous  <  ccurrence  of  the  maximum  of  the 
■everal  elements  or  conditions  which  contribute 
to  the  flood  Such  a  flood  is  the  largest  that 
nably  ran  he  expected  and  is  ordinarily 
accepted  as  the  inflow  design  flood  for  dams  where 
failure  of  the  structure  would  increase  the  danger 
to  human  life. 

The  flood  for  assumption  A  is  based  on  storm 
value-  less  than  probable  maximum  and  on  the 
assumption  that  the  watershed  soils  are  near 
saturation  from  a  previous  storm.  In  most  in- 
stances these  storm  values  represent  precipitation 
amount-  slightly  greater  than  those  which  have 
been  observed  for  respective  locations  within  the 
United  States  The  magnitude  of  this  flood  is 
believed  to  be  the  minimum  appropriate  for  use 
where  the  spdlwa\  capacity  requirements  cor- 
respond to  (2)  m  the  preceding  subsection. 

The  flood  for  assumption  li  is  based  on  Btorm 
values  the  same  as  used  for  the  flood  for  assump- 
tion A.  hut  the  Watershed  BOils  are  considered  to  be 
at  average  moisture  content   for  the  time  of  year 


when  the  maximum  flood-  are  hke|\  in  occur, 
rather  than  sat  mated  The  magnitude  of  thia  flood 
i-  believed  to  he  the  minimum  appropriate  for  use 

where     the    spillway     capacity     requirement-    . 

respond  to  (3)  in  the  preceding  subsection 

In  the  case  of  n  minor  structure  with  insignifi- 
cant storage  where  it  i-  permissible  to  anticipate 

failure  within  the  useful  life  of  the  project,  a  ."id- 
ol   100-year  frequency   Hood  ma\   he  used  a-  the 

inflow  design  flood  A  disCUSSion  of  these  floods 
and  their  determination  i-  given  in  Sectiona  12  and 

"it      Estimates    of    flood-    of    these    magnitud 
may  also  he  required  to  establish  the  capacity  of  a 
service  or  principal  Bpillway  in  those  cases  where 

an  auxiliary  spillway  will  serve  to  augment  the 
smaller  Bpillway. 

1 81 .  Relation  of  Surcharge  Storage  to  Spillway 
Capacity.  Streamflow  i<  normally  represented  m 
the  form  of  a  hydrograph,  which  charts  the  rate 
of  flow  in  relation  to  tunc  A  typical  hydrograph 
representing  a  Btorm  runoff  is  illustrated  in  figure 
I7l  .  The  flow  into  a  reservoir  at  any  time  and  the 
momentary  peak  can  lie  read  from  the  curve. 
The  area  under  the  curve  is  the  volume  of  the 
inflow,  because  it  represents  the  product  of  rate 
of  flow  and  time. 

Where  no  storage  is  impounded  by  a  dam,  the 
spillway  must  be  sufficiently  large  to  pass  the  peak 
of  the  flood.  The  peak  rate  of  inflow  is  then  of 
primary  interest  and  the  total  volume  in  the  flood 
is  of  lesser  importance.  However,  where  a  rela- 
tively large  storage  capacity  above  normal  reser- 
voir level  can  be  made  available  economically  by 
a  higher  dam,  a  portion  of  the  flood  volume  can  be 
retained  temporarily  in  reservoir  surcharge  space 
and  the  spillway  capacity  can  be  reduced  consider- 
ably. If  a  darn  could  be  made  sufficiently  high  to 
provide  storage  space  to  impound  the  entire  volume 


.... 
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of  the  flood  above  normal  storage  level,  theo- 
retically no  spillway  other  than  an  emergency  type 
would  be  required,  provided  the  outlet  capacity 
could  evacuate  the  surcharge  storage  in  a  reason- 
able period  of  time  in  anticipation  of  a  recurring 
flood.  In  such  a  case  the  maximum  reservoir  level 
would  depend  entirely  on  the  volume  of  the  flood 
and  the  rate  of  inflow  would  be  of  no  concern. 
From  a  practical  standpoint,  however,  there  will  be 
relatively  few  sites  that  will  permit  complete  stor- 
age of  an  inflow  design  flood  by  surcharge  storage. 
Such  sites  usually  will  be  off-channel  reservoirs; 
that  is,  reservoirs  which  are  supplied  by  canal  and 
which  have  small  tributary  drainage  areas. 

In  many  reservoir  projects,  economic  consider- 
ations will  necessitate  a  design  utilizing  surcharge. 
The  most  economical  combination  of  surcharge 
storage  and  spillway  capacity  requires  flood  routing 
studies  and  economic  studies  of  the  costs  of  spill- 
way-dam combinations,  subsequently  described. 
However,  in  making  these  studies,  consideration 
must  be  given  to  the  minimum  size  spillway  which 
must  be  provided  for  safety.  The  inflow  design 
flood  hydrographs  determined  by  the  methods 
given  in  section  53  are  for  floods  resulting  from 
runoff  from  rain.  Normally,  such  floods  will  have 
the  highest  peak  flows  but  not  always  the  largest 
volumes.  When  spillways  of  small  capacities  in 
relation  to  these  inflow  design  flood  peaks  are  con- 
sidered, precautions  must  be  taken  to  insure  that 
the  spillway  capacity  will  be  sufficient  to  (1)  evac- 
uate surcharge  so  that  the  dam  will  not  be  over- 
topped by  a  recurrent  storm,  and  (2)  prevent  the 
surcharge  from  being  kept  partially  full  by  a  pro- 
longed runoff  whose  peak,  although  less  than  the 
inflow  design  flood,  exceeds  the  spillway  capacity. 
To  meet  these  requirements,  the  minimum  spill- 
way capacity  should  be  in  accord  with  the  following 
general  criteria: 

(1)  In  the  case  of  snow-fed  perennial  streams, 
the  spillway  capacity  should  never  be  less  than  the 
peak  discharge  of  record  that  has  resulted  from 
snowmelt  runoff.  (This  value  may  have  to  be 
estimated  from  a  study  of  records  on  the  stream 
itself  or  nearby  streams.)     (Sees.  34  and  41.) 

(2)  The  spillway  capacity  should  provide  for 
evacuation  of  sufficient  surcharge  storage  space  so 
that  in  routing  a  succeeding  "flood  for  assumption 
B,"  the  maximum  water  surface  does  not  exceed 


that  obtained  by  routing  the  inflow  design  flood. 
In  general,  the  recurrent  storm  is  assumed  to  begin 
4  days  after  the  time  of  peak  outflow  obtained  in 
routing  the  inflow  design  flood. 

(3)  In  regions  having  an  annual  rainfall  of  40 
inches  or  more,  the  time  interval  to  the  beginning 
of  the  recurrent  storm  in  criterion  (2)  should  be 
reduced  to  2  days. 

(4)  In  regions  having  an  annual  rainfall  of  20 
inches  or  less,  the  time  interval  to  the  beginning  of 
the  recurrent  storm  in  criterion  (2)  may  be  in- 
creased to  7  days. 

182.  Flood  Routing. — The  accumulation  of  stor- 
age in  a  reservoir  depends  on  the  difference  be- 
tween the  rates  of  inflow  and  outflow.  For  an 
interval  of  time  At,  this  relationship  can  be 
expressed  by  the  equation: 


&S=QtAt-Q0M 


(1) 


where : 


AS=  storage  accumulated  during  At, 
Q,  =  average  rate  of  inflow  during  At,  and 
Q0=average  rate  of  outflow  during  At. 

The  rate  of  inflow  versus  time  curve  is  repre- 
sented by  the  inflow  design  flood  hydrograph;  the 
rate  of  outflow  is  represented  by  the  spillway 
discharge  versus  reservoir-elevation  curve;  and 
storage  is  shown  by  the  reservoir  storage  versus 
reservoir-elevation  curve.  For  routing  studies, 
the  inflow  design  flood  hydrograph  is  not  variable 
once  selection  of  the  inflow  design  flood  has  been 
made.  The  reservoir  storage  capacity  also  is  not 
variable  for  a  given  reservoir  site,  so  far  as  routing 
studies  are  concerned.  The  spillway  discharge 
curve  is  variable:  It  depends  not  only  on  the  size 
and  type  of  spillway  but  also  on  the  manner  of 
operating  the  spillway  (and  outlets  in  some 
instances)  to  regulate  the  outflow. 

The  quantity  of  water  a  spillway  can  discharge 
depends  on  the  type  of  the  control  device.  For 
a  simple  overflow  crest  the  flow  will  vary  with 
the  head  on  the  crest,  and  surcharge  will  increase 
with  an  increase  in  spillway  discharge.  For  a 
gated  spillway,  however,  outflow  can  be  varied 
with  respect  to  reservoir  head  by  operation  of  the 
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^n  t ,-  I  oi  example,  one  ueumptioxi  for  an  opera- 
tion of  a  gate-controlled  spillway  might  be  that 
the  gates  will  be  regulated  so  that  inflow  and  ou( 
How  are  equal  until  tin-  gates  are  s  ide  open :  or  an 
assumption  can  be  made  to  open  the  gates  al 
a  slower  rate  bo  thai  surcharge  storage  will 
imulate  before  the  gates  open  wide 

Outflows  need  not  necessarily  be  limited  to 
discharges  through  the  Bpillwaj  bul  might  be 
supplemented  by  releases  through  the  outlets. 
In  all  Buch  cases  the  siae,  type,  and  method  of 
operation  of  the  Bpillwayand  outlets  with  refer- 
ence to  the  storages  or  t<»  the  inflow  must  be 
predetermined  in  older  to  establish  an  outflow 
elevation  relal  ionship. 

If  equations  could  be  established  for  the  inflow 

n  Hood  hydrograph  curve,  the  spillway  dis- 

eharge  curve  (as  ma\  l>e  modified  by  operational 

procedures     and   the  reservoir  Btorage  curve,  a 

solution  of  flood  routing  could  be  made  by  mathe- 
matical integration.  However,  simple  equations 
cannot   be  written  for  the  flood  hydrograph  curve 


and  the  reservoir  storage  curve,  and  such  a 
solution  i-  not  practical  Manj  techniques  of 
flood  routing  have  been  devised,  each  with  its 
advantages  and  disadvantages.     These  techniques 

Vary  from  a  strictly  arithmetical  integration 
method    to   an    entirely    graphical    solution       Me 

chanical  and  electronic  routing  machines  have 
been  developed,  and  digital  computers  have  been 

employed.  For  simplicity,  the  arithmetical  tritd- 
and-error    tahular    method    is    illustrated    in    this 

text. 

Table  18  is  an  example  of  a  flood  routing  for  the 
data  given  in  figures   171.   172,  and   17:;      Thi 
data  are  necessary   regardless  of  the  method  of 

flood  routing  used  and  they  consist  of  the  follow- 
ing: 

(1)  Inflow      hydrograph      Mate     of     inflow 
versus  time),  figure  171 . 

(2)  Reservoir    capacity    (reservoir    -imiiL''' 
versus  reservoir  elevation),  figure  172. 

CA)   Discharge  curve  (rate  of  outflow  versus 
reservoir  elevation),  figure  17:-.. 


Tablk    18.      Flood  routing  computations 


1 

rime,  hours 

(2) 
A',  i 

(3) 

Inflow  g,  It 
A',  ncond- 

i.-.t 

(4) 

Inflon 
kwt 

(5) 

Trial  rrscr- 

volr  storage 

elevation 

and  of  A< 

(6) 

Avt-r 
ntt  c,f  out  - 
How   (,' 

ond-feet 

(7) 

Average 

outflow  for 

At,  acre-feet 

(8) 

Incremental 

Storage  AS, 

acre-feel 

(9) 
Total  star- 

(10) 

SV  serrolr 

cli'vaUon 
end  of  A' 

Hi  I 

0 

300.0 

1.050.0 

1 

10 

800 

50.0 

300.2 
300.3 

2 

4 

0.2 
3 

49.8 
49.7 

1.099.8 
1.099.7 

300.3 
300.3 

High 
OK 

10 

1.400 

116.7 

300.8 
301.0 

32 
41 

2.7 
3.4 

114  0 

113  3 

1.213  7 
1.213.0 

301.0 
301.0 

High 
OK 

I 

10 

3.000 

250.0 

302.3 
3011 

176 
159 

14.7 
13  3 

235.3 
236  7 

1.448.3 
1.449  7 

302  1 
302  1 

Low 
OK 

4 

1.0 

5.000 

418.7 

303.9 

303.8 

470 
450 

39.2 
37  5 

377  5 
379  2 

1,827.2 
1,828.9 

308  8 

303  8 

Lew 

OK 

5 

1  II 

5.300 

441  7 

305.0 
305.3 

860 
910 

71   7 
75.8 

370.0 
365.9 

2.198.9 
2.194  8 

305.3 
305  3 

IlMth 

ok 

0 

10 

4.000 

333  3 

306.3 
306.2 

1.350 
1.330 

1125 
110.8 

220.8 
222  5 

2.415.6 

J.  417  3 

306.2 
308.2 

OK 

7 

1  0 

2.800 

233  3 

308.7 
306.6 

1.610 

1    -.. 

134.2 
132.5 

99.1 
100.8 

2.516.4 
2.518  1 

306.6 
MM  f, 

Low 

ok 

8 

10 

2.000 

188.7 

308.7 

1.700 

141    7 

25  0 

2.543.1 

306  7 

OK 

9 

10 

1.300 

108.3 

308.5 

1.680 

-31  7 

.'.Ml   i 
2,389  7 

306.5 

oK 

II 

20 

800 

133  3 

306  2 
MM  i. 

1,580 
1.530 

255.0 

-126.7 
-121  7 

306.0 

Low. 
OK 
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Figure  172.     Reservoir  capacity  curve. 

The  procedure  for  computations  shown  in  table 
18  is  as  follows: 

(1)  Select  a  time  interval,  At,  column  (2). 

(2)  Obtain  column  (3)  from  the  inflow 
hydrograph,  figure  171. 

(3)  Obtain  column  (4)  by  converting 
column  (3)  values  of  second-feet  for  At  to 
acre-feet  (1  second-foot  for  12  hours=l  acre- 
foot). 

(4)  Assume  trial  reservoir  water  surface  in 
column  (5)  and  determine  the  corresponding 
rate  of  outflow  from  figure  173. 

(5)  Average  the  rate  of  outflow  determined 
in  step  (4)  and  the  rate  of  outflow  for  the 
reservoir  water  surface  which  existed  at  the 
beginning  of  the  period  and  enter  in  column 

(6). 

(6)  Obtain  column  (7)  by  converting 
column  (6)  values  of  second-feet  for  At  to 
acre-feet,  similar  to  step  (3). 

(7)  Column  (8)  =  column  (4)  —  column 
(7). 

(8)  The  initial  value  in  column  (9)  repre- 
sents the  reservoir  storage  at  the  beginning 
of  the  inflow  design  flood. 
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Figure  173.     Spillway  discharge-elevation  curve. 


Determine  subsequent  values  by  adding 
AS  values  from  column  (8)  to  the  previous 
column  (9)  value. 

(9)  Determine  reservoir  elevation  in 
column  (10)  corresponding  to  storage  in 
column  (9)  from  figure  172. 

(10)  Compare  reservoir  elevation  in  column 
(10)  with  trial  reservoir  elevation  in  column 
(5).  If  they  do  not  agree  within  0.1  foot, 
make  a  second  trial  elevation  and  repeat 
procedure  until  agreement  is  reached. 

The  outflow  time  curve  resulting  from  the  flood 
routing  shown  in  table  18  has  been  plotted  as 
curve  B  on  figure  171.  As  the  area  under  the 
inflow  hydrograph  (curve  A)  indicates  the  volume 
of  inflow,  so  will  the  area  under  the  outflow  hydro- 
graph  (curve  B)  indicate  the  volume  of  outflow. 
It  follows  then  that  the  volume  indicated  by  the 
area  between  the  two  curves  will  be  the  surcharge 
storage.  The  surcharge  storage  computed  in 
table  18  can,  therefore,  be  checked  by  comparing 
it  with  the  measured  area  on  the  graph. 

A  rough  approximation  of  the  relationship  of 
spillway  size  to  surcharge  volume  can  be  obtained 
without  making  an  actual  flood  routing,  by  arbi- 
trarily assuming  an  approximate  outflow-time 
curve  and  then  measuring  the  area  between  it  and 
the  inflow  hydrograph.  For  example,  if  the 
surcharge  volume  for  the  problem  shown  on  figure 
171  is  sought  where  a  3,000-second-foot  spillway 
would  be  provided,  an  assumed  outflow  curve 
represented  by  curve  C  can  be  drawn  and  the 
area  between  this  curve  and  curve  A  can  be  planim- 
etered.  Curve  C  will  reach  its  apex  of  3,000 
second-feet  where  it  crosses  curve  A.  The  volume 
represented  by  the  area  between  the  two  curves 
will  indicate  the  approximate  surcharge  volume 
necessary  for  this  capacity  spillway. 

183.  Selection  of  Spillway  Size  and  Type. — (a) 
General  Considerations. — In  determining  the  best 
combination  of  storage  and  spillway  capacity  to 
accommodate  the  selected  inflow  design  flood, 
all  pertinent  factors  of  hydrology,  hydraulics, 
design,  cost,  and  damage  should  be  considered. 
In  this  connection  and  when  applicable,  consider- 
ation should  be  given  to  such  factors  as  (1)  the 
characteristics  of  the  flood  hydrograph;  (2)  the 
damages  which  would  result  if  such  a  flood  oc- 
curred without  the  dam;  (3)  the  damages  which 
would  result  if  such  a  flood  occurred  with  the  dam 
in  place;  (4)  the  damages  which  would  occur  if 
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the  dam  or  spillway  were  breached;  (5)  «il'. . 
various  dam  and  Bpillwaj   combinations  on  the 
probable  increase  or  decrease  of  damages  above 
pf  below  the  dam    as  indicated  l>.\  reservoir  back 
irater  curves  and  tailwater  cun  relative 

of  increasing  the  capacity  of  spillways;  and 
ise  of  combined  outlel  facilities  to  serve  more 
than  one  function,  Buch  as  control  of  releasee  and 
control  or  passage  <>f  floods  Service  outlet  re- 
-  iim\  be  permitted  in  passing  pari  of  the 
inflow  design  flood  unless  such  nutlets  are  con- 
sidered to  be  unavailable  in  time  of  flood 

The  outflow  characteristics  of  a  Bpillway  depend 
on  the  particular  device  selected  to  control  the 
discharge  These  control  facilities  may  take  the 
form  of  nn  overflow  weir,  an  orifice,  a  tub* 
a  pipe.  Such  devices  can  he  unregulated  or  they 
can  he  equipped  with  gates  or  valves  to  regulate 
the  outflow 

After  a  Bpillwa)  control  of  certain  dimensions 
has  been  selected,  the  maximum  spillway  dis- 
charge and  the  maximum  reservoir  water  level 
can  be  determined  by  Hood  routing.      Other  coin 

ponents  of  the  spillway  can  then  he  proportioned 
to  conform  to  the  required  capacity  and  to  the 
specific  site  conditions,  and  a  complete  layout  of 
the  Bpillwa}  can  be  established.  Cost  estimates 
of  the  spillway  and  dam  can  then  he  made  Bet  i 
mate-,  of  v  arious  combinations  of  spillway  capacity 
and  dam  height  for  an  assumed  spillway  type,  and 
of  alternative  types  of  spillways,  will  provide  a 
tor  -election  of  the  economical  spillway  type 
and  the  optimum  relation  of  spillway  capacity  to 
height  of  dam.  Figures  174  and  175  illustrate  the 
result-  of  such  a  study.  The  relationships  of 
spillway   capacities   to   maximum   reservoir  water 
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Figure  175.     Comparative  costs  of  spillway-dam  combinations. 

surfaces  obtained  from  the  flood  routings  is  shown 
on  figure  174  for  two  spillways.  Figure  175  illus- 
trates the  comparative  cost-  for  different  com- 
binations  of   spillway    and    dam,    and    indicates 

a  combination  which  results  ill  the  least  total  cost 
To  make  such  a  study  as  illustrated  requires 
many  flood  routings,  Bpillway  layouts,  and  spill- 
way and  dam  estimates.  Even  then,  the  study 
is  not  necessarily  complete  since  many  other  spill- 
way arrangements  could  he  considered.  A  com- 
prehensive study  to  determine  alternative  optimum 
combinations  and  minimum  costs  may  not  be 
warranted  for  the  design  of  small  dams.  Judg- 
ment on  the  part  of  the  designer  would  he  required 
to  select  for  study  only  the  combinations  which 
show  definite  advantages,  either  in  cost  or  adapta- 
bility. For  example,  although  a  gateil  spillway 
might  he  slightly  cheaper  than  an  ungated  spill- 
way, it  ma\  be  desirable  to  adopt  the  latter  be- 
cause of  it-  It--  complicated  construction,  its 
automatic'  and  trouble-free  operation,  its  ability 
to  function  without  an  attendant,  and  it>  less 
costly  maintenance. 

(b)  Combine!  St  d  Auxiliary  Spillways. — 

Where  site  conditions  are  favorable,  the  possibility 

of  gaining  overall  economy  by  utilizing  an  auxiliary 
spillway  in  conjunction  with  a  smaller  service-type 
structure  should  he  considered.     In  such  cases  the 

-••I  vice  Bpillway  should    lie  designed  to  pass  flood- 
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likely  to  occur  frequently  and  the  auxiliary  spill- 
way control  set  to  operate  only  after  such  small 
floods  are  exceeded.  In  certain  instances  the 
outlet  works  may  be  made  large  enough  to  serve 
also  as  a  service  spillway.  Conditions  favorable 
for  the  adoption  of  an  auxiliary  spillway  are  the 
existence  of  a  saddle  or  depression  along  the  rim 
of  the  reservoir  which  leads  into  a  natural  water- 
way, or  a  gently  sloping  abutment  where  an 
excavated  channel  can  be  carried  sufficiently 
beyond  the  dam  to  avoid  the  possibility  of  damage 
to  the  dam  or  other  structures. 

Because  of  the  infrequency  of  use,  it  is  not 
necessary  to  design  the  entire  auxiliary  spillway 
for  the  same  degree  of  safety  as  required  for  other 
structures,  provided  the  control  portion  of  the 
spillway  is  designed  to  be  safe,  since  its  failure 
would  release  large  flows  from  the  reservoir.  For 
example,  concrete  lining  may  be  omitted  from  an 
auxiliary  spillway  channel  excavated  in  competent 
rock.  Where  the  channel  is  excavated  through 
less  competent  material,  it  might  be  lined  but 
terminated  above  the  river  channel  with  a  canti- 
levered  lip  rather  than  extending  to  a  stilling  basin 
at  river  level.  The  design  of  auxiliary  spillways 
is  often  based  on  the  premise  that  some  damage 
to  portions  of  the  structure  from  passage  of 
infrequent  flows  is  permissible.  Minor  damage 
by  scour  to  an  unlined  channel,  by  erosion  and 
undermining  at  the  downstream  end  of  the  channel, 
and  by  creation  of  an  erosion  pool  downstream 
from  the  spillway  might  be  tolerated. 

An  auxiliary  spillway  can  be  designed  with  a 
fixed  crest  control,  or  it  can  be  stoplogged  or  gated 
to  increase  the  capacity  without  additional  sur- 
charge head.  "Fuse  plug"  dikes  which  are 
designed  to  breach  and  wash  out  when  overtopped 
often  are  substituted  for  some  or  all  of  the  gates. 
Their  advantage  over  gates  is  that,  if  properly 
designed,  breaching  becomes  automatic  whenever 
overtopping  occurs;  furthermore,  they  are  cheaper 
to  install  and  to  maintain.  Since  the  chance  of 
their  failure  from  overtopping  is  contingent  on  the 
occurrence  of  infrequent  floods,  their  cost  for 
replacement  is  too  problematical  for  evaluation. 
By  dividing  the  dike  into  short  sections  of  varying 
height  so  that  they  are  not  all  simultaneously 
overtopped,  smaller  floods  might  be  passed  with  the 
failure  of  one  or  several  of  the  sections,  with  total 
failure  occurring  only  as  the  probable  maximum 
flood  is  approached.     The  breaching  of  one  section 


at  a  time  will  minimize  the  flood  wave  brought 
about  by  sudden  failure  of  the  dike. 

Figure  176  shows  the  general  plan  and  sections 
of  the  service  and  auxiliary  spillways  at  Box 
Butte  Dam.  Figure  177  is  an  aerial  photograph 
showing  the  service  spillway,  which  consists  of  a 
"bathtub-shaped"  side  channel  crest,  a  culvert 
conduit  under  the  dam,  a  diverging  concrete- 
lined  chute,  and  a  hydraulic-jump  stilling  basin. 
The  wide  auxiliary  spillway  channel  with  fuseplug 
control  structure  is  shown  in  the  top  of  figure  178 
and  the  service  spillway  chute  is  in  the  right  fore- 
ground. Note  the  outlet  works  control  house  and 
the  outlet  works  channel  which  empties  into  the 
spillway  stilling  basin. 

The  Box  Butte  auxiliary  spillway  channel  was 
excavated  in  a  soft  sandstone  with  only  fair 
erosion-resistant  qualities.  To  minimize  erosion 
should  discharge  occur,  the  channel  floor  was  made 
level  so  that  velocities  would  be  low.  Erosion 
would  start  at  the  downstream  end  and  progress 
slowly  upstream.  The  control  structure  consists 
of  a  concrete-lined  section;  the  cantilever  lip  and 
the  downstream  cutoff  are  provided  to  halt  erosion 
upstream.  The  diversion  walls  and  the  fuseplug 
sections  of  varying  crest  elevations  will  insure 
progressive  failure  of  the  dike.  The  two  sections 
nearest  the  dam  were  made  the  highest  so  that 
they  will  be  the  last  to  be  overtopped.  This  was 
done  to  keep  the  flows  away  from  the  dam  and  to 
make  the  channel  flow  distance  longer  for  dis- 
charges less  than  the  maximum  for  which  the  spill- 
way was  designed. 

(c)  Emergency  Spillways. — As  the  name  im- 
plies, emergency  spillways  are  provided  for  addi- 
tional safety  should  emergencies  not  contemplated 
by  normal  design  assumptions  arise.  Such  situa- 
tions could  be  the  result  of  an  enforced  shutdown 
of  the  outlet  works,  a  malfunctioning  of  spillway 
gates,  or  the  necessity  for  bypassing  the  regular 
spillway  because  of  damage  or  failure  of  some  part 
of  that  structure.  An  emergency  might  arise 
where  flood  inflows  are  handled  principally  by 
surcharge  storage  and  a  recurring  flood  develops 
before  a  previous  flood  is  evacuated  by  the  small 
service  spillway  or  the  outlet  works.  Emergency 
spillways  would  act  as  auxiliary  spillways  if  a 
flood  greater  than  the  selected  inflow  design  flood 
occurred. 

Under  normal  reservoir  operation,  emergency 
spillways   are   never  required   to   function.     The 
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control  cresi  is,  therefore,  placed  al  or  above  the 
iicd  maximum  reservoir  water  surface.  The 
freeboard  requirement  for  the  dam  is  based  <>n  n 
irater  Burface  determined  bj  assuming  an  arbi- 
trary discharge  which  might  result  from  a  possible 
emergency  Usually,  an  encroachment  <>n  the 
freeboard  provided  for  the  designed  maximum 
irater  surface  is  allowed  in  considering  the  design 
of  mi  emergency  -pdlw  ay. 

Emergency  spillways  are  provided  primarily  to 
avoid  an  overtopping  <>f  the  main  dam  embank- 
in  en  I  because  of  an  emergency  condition.  There- 
fore, i"  be  effective  the  emergency  Bpillway  must 
offer  resistance  to  erosion  greater  tlnm  docs  the 
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(lam  itself  Emergency  spillways  are  of  tea  fori  mil 
bj  lowering  the  creel  of  a  « i i K < •  section  below  that 
of  (lit-  main  embankment,  l>\  utilizing  saddles  or 
depressions  along  the  reservoir  run.  or  by  excavat- 
ing channels  through  ridges  or  abutments.  The 
exit  channel  of  an  emergency  spillway  Bhould  !><• 
a  sufficient  distance  from  the  dam  to  preclude 
damage  t<>  the  embankment  or  appurtenances 
Bhould  t  he  Bpillway  operate. 

ire  I'M  -how-  an  emergency  Bpillway  ;it 
Wasco  Dam.  This  spillway  was  provided  to  pre- 
sent overtopping  of  the  embankment  Bhould  the 
combination  outlet  works-spillway  fail  to  function 
properly. 


B.     DESCRIPTION  OF  SERVICE  SPILLWAYS 


184.   Selection  of  Spillway  Layout.      A    composite 

design  of  a  spillway  can  be  prepared  by  properlj 
considering  the  various  factors  influencing  the 
Bpillway  size  and  type,  and  correlating  alter- 
Datively  -elected  components.  Many  combina- 
tions of  components  can  he  used  m  forming  a 
complete  spillwaj  layout.  After  the  hydraulic 
ami  outflow  characteristics  of  a  Bpillway  are 
determined  by  routing  of  the  design  Hood,  the 
general  dimension-  of  the  control  can  he  selected. 
Then,  a  specific  Bpillway  layout  can  he  developed 
by  considering  the  topography  and  foundation 
condition-,  and  by  fitting  the  control  structure 
and  the  various  components  to  the  prevailing 
conditions. 

Site  conditions  greatly  influence  the  -election  of 
location,  type,  and  components  of  a  Bpillway. 
The  steepness  of  the  terrain  traversed  by  the 
spilK\a\  control  and  discharge  channel,  the  class 
and  amount  of  excavation  and  the  possibility  for 
it-  use  a-  embankment  material,  the  chances  of 
BCOUr    of    the     bounding    surfaces    and     the     need 

for  lining,  the  permeability  and  bearing  capacity 

of  the  foundation,  and  the  stability  of  the  ex- 
cavated slopes  must  all  he  considered  in  the 
select  ion 

The  adoption  of  a  particular  size  or  arrangement 
for  one  of  the  -pillua\  components  may  influence 
the  selection  of  other  components.  For  example,  a 
wide  control  -tincture  with  the  creel  placed  normal 
to  the  ceiiterlme  of  the  spillwa\  would  require  a 
long,  converging  transition  to  join  it   to  a  narrow 


discharge  channel  or  to  a  tunnel;  a  bet  teralternat  ive 
might  he  the  selection  of  a  narrower  gated  control 

-tincture  or  a   side  channel   control  arrangement. 
Similarly,  a  wide  stilling  basin  may  not  he  feasible 

for   use   with   a   cut-and-cover   conduit    or   tunnel. 
because  of  the  long,  diverging  transition   needed. 

A  spillway  may  he  an  integral  part  of  a  dam 
such  as  an  overflow  section  of  a  concrete  dam.  or 
it  may  be  a  separate  structure.  In  some  instant 
it  may  he  combined  as  a  common  discharge 
structure  with  the  outlet  works  or  integrated  into 
the  river  diversion  plan  for  economy.  Thus,  the 
location,  type,  and  size  of  other  appurtenai 
aic  factors  which  may  influence  the  selection  of  a 
spillway  location  or  its  arrangement.  The  final 
plan  will  he  governed  by  overall  economy,  hy- 
draulic   sufficiency,    and    structural    adequacy. 

The  components  of  a  spillway  and  common  types 
of  spillways  are  described  and  discussed  herein. 
Hydraulic  design  criteria  and  procedures  are 
discussed    in    part-   ('    through    F   of   this   chapter 

185.  Spillway  Components.  a  Control  Struc- 
tun.  A  major  component  of  a  -pillwa\  is  the 
control  device,  -ince  it  regulates  ami  control-  the 
Outflows  from  the  re-er\oir-  This  control  lmiit- 
or  prevents  outflow-  helow  fixed  reservoir  level-, 
and  it  also  regulate-  releases  when  the  reservoir 
rises  above  that  level.  The  control  structure 
ma\    consist    of  a   -ill,   weir,  orifice,   tube,  or  pipe 

The  discharge-head  relationship  may  he  fixed  as 

in   the  case  of  a  simple  overflow    crest   or  unregu- 
lated   port,  or   ii    ma\    lie  variable  as  with  a  gated 
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SPILLWAY  DISCHARGE  AND  TAILWATER  CURVES 


Figure  176.     Service  and  auxiliary  spillways  for  Box  Butte  Dam — Plan  and  sections.      From  drawing  278-D-49.     (Sheet  1  of  2.) 
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Figure  176.      Service  and  auxiliary  spillways  for  Box  Butte  Dam— Plan  and  sections.      From  drawing  278-D-49.      (Sheet  2  of  2.) 
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Figure  177.     Service  spillway  for  Box  Butte  Dam. 


Figure  178.     Service  and  auxiliary  spillways  for  Box  Butte  Dam. 


crest  or  a  valve-controlled  pipe.  The  control 
characteristics  of  a  closed  conduit  might  change 
with  the  stage  relationship.  In  a  culvert  spillway, 
for  example,  the  entrance  will  act  as  a  weir  for  low 
heads  when  it  is  not  submerged  and  as  an  orifice 
when  submerged.  As  the  amount  of  submergence 
increases,  the  flow  will  be  controlled  by  the 
conduit  acting  as  a  tube,  and  finally,  for  greater 
submergence,  the  conduit  will  flow  full  and  the 
flow  will  be  governed  by  pressure  pipe  char- 
acteristics. 

Control  structures  may  take  various  forms  in 
both  positioning  and  shape.  In  plan,  overflow 
crests  can  be  straight,  curved,  semicircular, 
U-shaped,  or  round.  A  semicircular  crest  for  a 
small  spillway  is  shown  in  figure  179.  Orifice 
controls  can  be  placed  in  a  horizontal,  inclined, 
or  vertical  position.  The  orifice  can  be  circular, 
square,  rectangular,  triangular,  or  varied  in  shape. 
Tubes  can  be  placed  vertically,  horizontally,  or 
inclined;  and  they  can  be  circular,  square,  rec- 
tangular, or  varied  in  shape.  Pipes  can  be 
straight  or  curved,  follow  any  profile,  and  be 
circular,  square,  rectangular,  horseshoe,  or  of 
other  cross  section. 

An  overflow  can  be  sharp  crested,  ogee  shaped, 


broad  crested,  or  of  varied  cross  section.  Orifices 
can  be  sharp  edged,  round  edged,  or  bellmouth 
shaped,  and  can  be  placed  so  as  to  discharge  with 
a  fully  contracted  jet  or  with  a  suppressed  jet. 
They  may  discharge  freely  or  discharge  partly  or 
fully  submerged.  Tubes  may  have  entrance 
corners  which  are  sharp  edged,  rounded,  or  bell- 
mouthed;  and  they  can  be  of  uniform  size  or  be 
divergent  or  convergent.  Tubes  can  operate 
freely  discharging  or  they  can  be  partly  or  fully 
submerged.  Pipes  can  be  of  uniform  or  changing 
size,  with  the  control  placed  either  at  the  down- 
stream end  or  at  some  intermediate  point  along 
the  length.  Pipes  can  flow  full  under  pressure 
for  their  entire  length  or  they  can  flow  full  and 
partly  full,  respectively,  above  and  below  their 
control  point. 

(b)  Discharge  Channel. — Flow  released  through 
the  control  structure  usually  is  conveyed  to  the 
streambed  below  the  dam  in  a  discharge  channel 
or  waterway.  Exceptions  are  where  the  discharge 
falls  free  from  an  arch  dam  crest  or  where  the  flow 
is  released  directly  along  the  abutment  hillside  to 
cascade  down  the  abutment  face.  The  convey- 
ance structure  may  be  the  downstream  face  of  a 
concrete  dam,  an  open  channel  excavated  along 
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Figurt   179.      Semicircular  overflow  cre»l  for  »moll  chute  spillway 
at  Fruitgrowers  Dam  in  Colorado. 

the  ground  Burface,  a  closed  cut-and-oover  conduit 
placed  through  or  under  a  dam,  or  a  tunnel  exca 
rated  through  an  abutment.  The  profile  may  be 
variably  lint  or  Bteep;  the  cross  section  may  t>c 
variably  rectangular,  trapezoidal,  circular,  or  of 
other  shape;  and  the  discharge  channel  may  be 
w  ide  or  narrow .  long  or  Bhort. 

Discharge  channel  dimensions  me  governed 
primarily  l>\  hydraulic  requirements,  l>ut  the 
selection  <>(  profile,  cross-sectional  Bhapes,  widths. 
length,  etc.,  i>  influenced  by  the  geologic  and 
topographic  characteristics  of  the  site.  Open 
channels  excavated  in  the  abutment  usually 
follow  the  ground  Burface  profile;  steep  canyon 
trails  may  make  a  tunnel  desirable.  In  plan,  open 
channels  may  he  straight  or  curved,  with  sides 
parallel,  convergent,  divergent,  or  a  combination 
of  these.  A  closed  conduit  may  consist  of  a 
vertical  or  an  inclined  shaft  leading  to  a  nearly 
horizontal  tunnel  through  the  abutment  or  to  a 
CUt-and-OOVer  conduit  under  or  through  the  dam. 
Occasionally  a  combination  of  a  closed  conduit 
and  an  open  channel  mighl  be  adopted,  such  a-  a 
culvert  under  an  embankment  emptying  into  an 
open  channel  leading  down  the  abutment  slope. 
Discharge  channels  must  be  cut  through  or  lined 

with    materia]    which    is   resistant    to    the   BCOuring 
action  of  the  accelerating  velocities,  and  which  is 

structurally  adequate  to  withstand  the  forces  from 

backfill,  uplift,  waterloads,  etc. 

(<•)  Terminal  Structure.  When  spillway  (low- 
fall  from  reservoir  pool  level  to  downstream  river 

level,    the   static    head    i-   converted    to   kinetic 


energy.  Tin-  energy  manifests  itself  in  the  form 
of  high  velocities  which  if  impeded  result  in  large 
pressures      Means  of  returning  the  flow    to  the 

river  without    serious  -coin    .n    BTOSiOD   of   the   tm- 

of  the  dam  or  damage  io  adjacent  structures  must 
usuallj  be  |)i<i\ ided, 

In  some  cases  the  discharge  maj  be  delivered 
at  high  velocities  directlj  to  the  stream  where  the 
energy  is  absorbed  along  thestreambed  by  impact, 

turbulence,  and  friction  Such  an  arrangement 
is  satisfactory  when-  erosion-resistant  bedrock 
c\ists  at  shallow  depths  in  the  channel  and  along 
the  abutments  or  where  the  spillway  Outlet  IS 
sufficiently     removed      from     the     dam     or  other 

appurtenances  to  avoid  damage  bj  Bcour,  under- 
mining, or  abutment   sloughing.     The  discharge 

channel     may     be     terminated     well     above     the 

streambed  level  or  it   may   be  continued   to  or 
below  streambed. 
Upturned    deflectors,    cantilevered    extensions, 

or  flip  buckets  can  be  provided  to  project  the  jet 
some  distance  downstream  from  the  end  of  the 
structure.  Often,  erosion  in  the  streambed  at  the 
point  of  contact  of  the  jet  can  be  minimized  by 
fanning  the  jet  into  a  thin  sheet  by  the  use  of  a 
flaring  deflector. 

Where  severe  scour  at  the  point  of  jet  impinge- 
ment is  anticipated,  a  plunge  basin  can  be  exca- 
vated in  the  river  channel  and  the  sides  and 
bottom  lined  with  riprap  or  concrete.  Xo  definite 
design  criteria  except  that  indicated  in  section  230 
have  as  yel  been  established  for  determining  the 
size  or  dimensions  of  a  plunge  basin  which  might 
be  necessary  to  absorb  the  impact  of  the  flow- 
properly  or  to  avoid  scouring  velocities.  For 
small  installations,  it  may  be  expedient  to  perform 
a  minimum  of  excavation  and  to  permit  the  flow- 
to  erode  a  natural  pool;  protective  riprapping  or 
concrete  lining  may  be  later  provided  to  halt  the 
scour.  In  such  arrangements  an  adequate  cutoff 
or  other  protection  must  be  provided  at  the  end 
of  the  spillway  -tincture  to  prevent  it  from  being 
undermined. 

Where  serious  ero-ion  to  the  -ireambed  is  to  be 
avoided,    the    high    energy    of    the    flow     must     be 

dissipated  before  the  discharge  is  returned  to  the 
-I  ream  channel.  This  can  be  accomplished  by  the 
use  of  an  energ\  dissipating  device,  such  as  s 
hydraulic  jump  basin,  a  roller  bucket,  a  -ill  block 
apron,  a  basin  incorporating  impact  baffles  and 
wall-,    or    -nine    -miilar    energy    absorber    or    dis- 
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sipator.  A  description  of  these  devices  and  a 
discussion  of  their  hydraulic  design  is  given  in 
part  C  of  this  chapter. 

(d)  Entrance  and  Outlet  Channels. — Entrance 
channels  serve  to  draw  water  from  the  reservoir 
and  convey  it  to  the  control  structure.  Where  a 
spillway  draws  water  immediately  from  the 
reservoir  and  delivers  it  directly  back  into  the 
river,  as  in  the  case  with  an  overflow  spillway 
over  a  concrete  dam,  entrance  and  outlet  channels 
are  not  required.  However,  in  the  case  of  spillways 
placed  through  abutments  or  through  saddles  or 
ridges,  channels  leading  to  the  spillway  control 
and  away  from  the  spillway  terminal  structure 
ma}7  be  required. 

Entrance  velocities  should  be  limited  and  chan- 
nel curvatures  and  transitions  should  be  made 
gradual,  in  order  to  minimize  head  loss  through 
the  channel  (which  has  the  effect  of  reducing  the 
spillway  discharge)  and  to  obtain  uniformity  of 
flow  over  the  spillway  crest.  Effects  of  an  uneven 
distribution  of  flow  in  the  entrance  channel  might 
persist  through  the  spillway  structure  to  the 
extent  that  undesirable  erosion  could  result  in  the 
downstream  river  channel.  Xonuniformity  of 
head  on  the  crest  may  also  result  in  a  reduction  in 
the  discharge. 

The  approach  velocity  and  depth  below  crest 
level  have  important  influence  on  the  discharge 
over  an  overflow  crest.  As  is  shown  in  section 
190(a),  a  greater  approach  depth  with  the  accom- 
panying reduction  in  approach  velocity  will  result 
in  a  larger  discharge  coefficient.  Thus,  for  a  given 
head  over  the  crest,  a  deeper  approach  will  permit 
a  shorter  crest  length  for  a  given  discharge. 
Within  the  limits  required  to  secure  satisfactory 
flow  conditions  and  nonscouring  velocities,  the 
determination  of  the  relationship  of  entrance 
channel  depth  to  channel  width  is  a  matter  of 
economics. 

Outlet  channels  convey  the  spillway  flow  from 
the  terminal  structure  to  the  river  channel  below 
the  dam.  In  some  instances  only  a  pilot  channel 
is  provided,  on  the  assumption  that  scouring  action 
will  enlarge  the  channel  during  major  spills. 
Where  the  channel  is  in  a  relatively  nonerodible 
material,  it  should  be  excavated  to  an  adequate 
size  to  pass  the  anticipated  flow  without  forming 
a  control  which  will  affect  the  tailwater  stage  in 
the  stilling  device. 

The  outlet  channel  dimensions  and  its  need  for 


protection  by  lining  or  riprap  will  depend  on  the 
influences  of  scour  on  the  tailwater.  Although 
stilling  devices  are  provided,  it  may  be  impossible 
to  reduce  resultant  velocities  below  the  natural 
velocity  in  the  original  stream,  and  some  scouring 
of  the  riverbed,  therefore,  cannot  be  avoided. 
Further,  under  natural  conditions  the  beds  of 
many  streams  are  scoured  during  the  rising  stage 
of  a  flood  and  filled  during  the  falling  stage  by 
deposition  of  material  carried  by  the  flow.  After 
creation  of  a  reservoir  the  spillway  will  normally 
discharge  clear  water  and  the  material  scoured  by 
the  high  velocities  will  not  be  replaced  by  deposi- 
tion. Consequently,  there  will  be  a  gradual  retro- 
gression of  the  downstream  riverbed,  which  will 
lower  the  tailwater  stage-discharge  relationship. 
Conversely,  scouring  where  only  a  pilot  channel  is 
provided  may  build  up  bars  and  islands  down- 
stream, thereby  effecting  an  aggradation  of  the 
downstream  river  channel  which  will  raise  the 
tailwater  elevation  with  respect  to  discharges. 
The  dimensions  and  erosion-protective  measures 
at  the  outlet  channel  may  be  influenced  by  these 
considerations. 

186.  Spillway  Types. — (a)  General. — Spillways 
are  ordinarily  classified  according  to  their  most 
prominent  feature,  either  as  it  pertains  to  the 
control,  to  the  discharge  channel,  or  to  some  other 
component.  Spillways  often  are  referred  to  as 
controlled  or  uncontrolled,  depending  on  whether 
they  are  gated  or  ungated.  Commonly  referred  to 
types  are  the  free  overfall  (straight  drop),  ogee 
(overflow),  side  channel,  open  channel  (trough  or 
chute),  conduit,  tunnel,  drop  inlet  (shaft  or  morn- 
ing glory),  culvert,  and  siphon. 

(b)  Free  Overfall  (Straight  Drop)  Spillways. — A 
free  overfall  or  straight  drop  spillway  is  one  in 
which  the  flow  drops  freely  from  the  crest.  This 
type  is  suited  to  a  thin  arch  or  deck  overflow  dam 
or  to  a  crest  which  has  a  nearly  vertical  down- 
stream face.  Flows  may  be  free  discharging,  as 
will  be  the  case  with  a  sharp-crested  weir  control, 
or  they  may  be  supported  along  a  narrow  section 
of  the  crest.  Occasionally  the  crest  is  extended 
in  the  form  of  an  overhanging  lip  to  direct  small 
discharges  away  from  the  face  of  the  overfall  sec- 
tion. In  free  overfall  spillways  the  underside  of 
the  nappe  is  ventilated  sufficiently  to  prevent  a 
pulsating,  fluctuating  jet. 

Where  no  artificial  protection  is  provided  at  the 
base   of   the   overfall,   scour   will   occur   in   most 
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si i iM  111 1 ><•< U  and  will  form  a  deep  plunge  pool. 
The  volume  and  depth  <>f  the  hole  are  related  to 
the  range  <>f  dischargee,  the  height  of  the  drop, 
and  the  depth  of  tailwater,  The  eroeion-reeietanl 
properties  of  the  streambed  material  including 
bedrock  have  little  influence  on  the  size  of  the 
bole,  tlif  only  effect  being  the  time  necessary  to 
scom  the  bole  to  its  full  depth  Probable  depths 
of  scour  are  discussed  in  section  203  Where 
brosion  cannot  In-  tolerated,  an  artificial  pool  can 
be  created  l>\  constructing  an  auxiliary  dam  down- 
stream from  the  main  structure,  or  bj  excavating 
a  basin  which  is  then  provided  with  a  concrete 
apron  or  bucket 

If  tailwater  depths  arc  sufficient,  a  bydraulic 
jump  will  form  when  a  free  overfall  jet  falls  upon 
a  Mat  apron      li  has  been  demonstrated  i hat  the 
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momentum  equation  for  the  bydraulic  jump  maj 
be  applied  to  the  How  conditions  at  the  base  of 
the  fall  to  determine  the  elements  of  the  jump 
\  tree  overfall  Bpillwaj  which  will  be  effective 
over  a  wide  range  of  tailwater  depths  can  !><• 
designed  for  use  with  low  earthfilldams[l,  2,  3,4] 
An  artist'-,  conception  of  such  a  -tincture  i-  shown 
in  figure  180.  It  consists  principally  of  a  Btraight 
breast  wall  weir  set  at  the  upper  end  of  a  rectangu- 
lar Hume  section,  with  its  horizontal  apron  placed 
at  or  below  streambed  level  floor  blocks  and  an 
end  sill  are  provided  in  this  case  to  help  in  the 
establishment  of  the  jump  and  to  reduce  the  down- 
stream scour.  This  type  of  structure  i>  not  adapt- 
able    for     high     drops    on     yielding     foundation-. 
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figure  180.      Typical  straight  drop  spillway  installation  for  small  heads 
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because  of  the  large  impact  forces  which  must  be 
absorbed  by  the  apron  at  the  point  of  impingement 
of  the  jet.  Vibrations  incident  to  the  impact 
might  crack  or  displace  the  structure,  with  danger 
from  failure  by  piping  or  undermining.  Ordinar- 
ily, the  use  of  this  structure  for  hydraulic  drops 
from  head  pool  to  tailwater  in  excess  of  20  feet 
should  not  be  considered.  The  hydraulic  design 
of  the  free  overfall  spillway  is  discussed  in 
section  204. 

(c)  Ogee  (Overflow)  Spillways. — The  ogee  spill- 
way has  a  control  weir  which  is  ogee  or  S-shaped 
in  profile.  The  upper  curve  of  the  ogee  ordinarily 
is  made  to  conform  closely  to  the  profile  of  the 
lower  nappe  of  a  ventilated  sheet  falling  from  a 
sharp-crested  weir.  Flow  over  the  crest  is  made 
to  adhere  to  the  face  of  the  profile  by  preventing 
access  of  air  to  the  under  side  of  the  sheet.  For 
discharges  at  designed  head,  the  flow  glides  over 
the  crest  with  no  interference  from  the  boundary 
surface  and  attains  near-maximum  discharge 
efficiency.  The  profile  below  the  upper  curve  of 
the  ogee  is  continued  tangent  along  a  slope  to 
support  the  sheet  on  the  face  of  the  overflow.  A 
reverse  curve  at  the  bottom  of  the  slope  turns  the 
flow  onto  the  apron  of  a  stilling  basin  or  into  the 
spillway  discharge  channel. 

The  upper  curve  at  the  crest  may  be  made  either 
broader  or  sharper  than  the  nappe  profile.  A 
broader  shape  will  support  the  sheet  and  positive 
hydrostatic  pressure  will  occur  along  the  contact 
surface.  The  supported  sheet  thus  creates  a 
backwater  effect  and  reduces  the  efficiency  of 
discharge.  For  a  sharper  shape,  the  sheet  tends 
to  pull  away  from  the  crest  and  to  produce  sub- 
atmospheric  pressure  along  the  contact  surface. 
This  negative  pressure  effect  increases  the  effective 
head,  and  thereby  increases  the  discharge. 

An  ogee  crest  and  apron  may  comprise  an  entire 
spillway,  such  as  the  overflow  portion  of  a  concrete 
gravity  dam,  or  the  ogee  crest  may  only  be  the 
control  structure  for  some  other  type  of  spillway. 
Because  of  its  high  discharge  efficiency,  the  nappe- 
shaped  profile  is  used  for  most  spillway  control 
crests.  Crest  shapes  and  discharge  coefficients 
are  discussed  in  sections  188  through  190. 

(d)  Side  Channel  Spillways. — The  side  channel 
spillway  is  one  in  which  the  control  weir  is  placed 
along  the  side  of  and  approximately  parallel  to  the 
upper  portion  of  the  spillway  discharge  channel. 


Flow  over  the  crest  falls  into  a  narrow  trough 
opposite  the  weir,  turns  an  approximate  right 
angle,  and  then  continues  into  the  main  discharge 
channel.  The  side  channel  design  is  concerned 
only  with  the  hydraulic  action  in  the  upstream 
reach  of  the  discharge  channel  and  is  more  or  less 
independent  of  the  details  selected  for  the  other 
spillway  components.  Flows  from  the  side  chan- 
nel can  be  directed  into  an  open  discharge  channel 
or  into  a  closed  conduit  or  inclined  tunnel.  Flow 
into  the  side  channel  might  enter  on  only  one  side 
of  the  trough  in  the  case  of  a  steep  hillside  location, 
or  on  both  sides  and  over  the  end  of  the  trough  if 
it  is  located  on  a  knoll  or  gently  sloping  abutment. 
The  "bathtub"  type  of  side  channel  spillway, 
shown  on  figures  176  and  177,  illustrates  the  latter 
type.  Figure  181  is  an  artist's  conception  of  a 
side  channel  spillway  where  flow  enters  only  one 
side  of  the  trough. 

Discharge  characteristics  of  a  side  channel  spill- 
way are  similar  to  those  of  an  ordinary  overflow 
and  are  dependent  on  the  selected  profile  of  the 
weir  crest.  However,  for  maximum  discharges 
the  side  channel  flow  may  differ  from  that  of  the 
overflow  spillway  in  that  the  flow  in  the  trough 
may  be  restricted  and  may  partly  submerge  the 
flow  over  the  crest.  In  this  case  the  flow  charac- 
teristics will  be  controlled  by  a  constriction  in 
the  channel  downstream  from  the  trough.  The 
constriction  may  be  a  point  of  critical  flow  in  the 
channel,  an  orifice  control,  or  a  conduit  or  tunnel 
flowing  full. 

Although  the  side  channel  is  not  hydraulically 
efficient  nor  inexpensive,  it  has  advantages  which 
make  it  adaptable  to  certain  spillway  layouts. 
Where  a  long  overflow  crest  is  desired  in  order  to 
limit  the  surcharge  head  and  the  abutments  are 
steep  and  precipitous,  or  where  the  control  must 
be  connected  to  a  narrow  discharge  channel  or 
tunnel,  the  side  channel  is  often  the  best  choice. 

The  hydraulic  design  of  the  side  channel  spill- 
way is  discussed  in  section  195. 

(e)  Chute  (Open  Channel  or  Trough)  Spillways. — 
A  spillway  whose  discharge  is  conveyed  from  the 
reservoir  to  the  downstream  river  level  through 
an  open  channel,  placed  either  along  a  dam 
abutment  or  through  a  saddle,  might  be  called  a 
chute,  open  channel,  or  trough  type  spillway. 
These  designations  can  apply  regardless  of  the 
control  device  used  to  regulate  the  flow.    Thus,  a 
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Figure  181.     Typical  side  channel  and  chute  spillway  arrangement. 


spillway  having  ti  chute-type  discharge  channel, 
though  controlled  by  an  overflow  crest,  a  gated 
orifice,  a  Bide  channel  crest,  <>r  some  other  control 
device,  might  still  he  called  a  chute  spillway. 
However,  the  name  is  most  often  applied  when  the 
spillwax  control  i>  placed  normal  or  nearly  normal 
to  the  axis  of  an  open  channel,  and  where  the 
streamlines  of  (low  both  above  and  helow  the 
control  cresl  follow  in  the  direction  of  the  a\i- 

The  chute  spillway  has  been  used  with  earthfill 
duiiis  more  often  than  has  any  other  type.     Factors 

influencing  the  selection  of  chute  Bpillways  are 

the  simplicity  of  their  design  and  construction, 
their  adaptability  to  almost  any  foundation  con- 
dition, and  the  overall  economy  often  obtained 
by  the  use  of  large  amounts  of  spillway  excavation 


in  the  dam  embankment.  Chute  spillways  have 
been  constructed  successfully  on  all  types  of 
foundation  materials,  ranging  from  solid  rock  to 
soft  clay. 

( !hute  Bpillways  ordinarily  consist  of  an  entrance 
channel,  a  control  structure,  a  discharge  channel, 
a  terminal  structure,  and  an  outlet  channel.  The 
Bimplesl  form  of  chute  spillway  has  a  straight 
centerline  and  is  of  uniform  width  such  as  that 
shown  in  figure  182.  Often,  either  the  axis  of 
the  entrance  channel  <>r  that  of  the  discharge 
channel  must  be  curved  to  fit  the  alinement  to 
the  topography.  In  such  cases,  the  curvature  i- 
confined  to  the  entrance  channel  if  possible,  be- 
cause of  the  low  approach  velocities.  Where  the 
discharge    channel    must    be    curved,    its    floor    is 
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Figure  182.     Chute  spillway  for  Scofield  Dam  in  Utah. 

sometimes  superelevated  to  guide  the  high- velocity 
flow  around  the  bend,  thus  avoiding  a  piling  up 
of  flow  toward  the  outside  of  the  chute. 

Chute  spillway  profiles  are  usually  influenced  by 
the  site  topography  and  by  subsurface  foundation 
conditions.  The  control  structure  is  generally 
placed  in  line  with  or  upstream  from  the  center- 
line  of  the  dam.  Usually  the  upper  portion  of  the 
discharge  channel  is  carried  at  minimum  grade 
until  it  "daylights"  along  the  downstream  hillside 
to  minimize  excavation.  The  steep  portion  of  the 
discharge  channel  then  follows  the  slope  of  the 
abutment. 

Flows  upstream  from  the  crest  are  generally  at 
subcritical  velocity,  with  critical  velocity  occurring 
when  the  water  passes  over  the  control.  Flows  in 
the  chute  are  ordinarily  maintained  at  super- 
critical stage,  either  at  constant  or  accelerating 
rates,  until  the  terminal  structure  is  reached. 
For  good  hydraulic  performance,  abrupt  vertical 
changes  or  sharp  convex  or  concave  vertical 
curves  in  the  chute  profile  should  be  avoided. 
Similarly,  the  convergence  or  divergence  in  plan 
should  be  gradual  in  order  to  avoid  cross  waves, 
"ride-up"  on  the  walls,  excessive  turbulence,  or 
uneven  distribution  of  flow  at  the  terminal  struc- 
ture. 

The  hydraulic  design  of  the  chute  spillway 
crest  is  discussed  in  part  C,  determination  of 
hydraulic  properties  for  the  discharge  channel  is 
given  in  part  D,  and  stilling  basin  designs  are  ex- 
plained in  part  E,  respectively,  of  this  chapter. 

(f)  Conduit  and  Tunnel  Spillways. — Where  a 
closed  channel  is  used  to  convey  the  discharge 
around  or  under  a  dam,  the  spillway  is  often  called 
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a  tunnel  or  conduit  spillway,  as  appropriate.  The 
closed  channel  may  take  the  form  of  a  vertical  or 
inclined  shaft,  a  horizontal  tunnel  through  earth 
or  rock,  or  a  conduit  constructed  in  open  cut  and 
backfilled  with  earth  materials.  Most  forms  of 
control  structures,  including  overflow  crests,  verti- 
cal or  inclined  orifice  entrances,  drop  inlet  en- 
trances, and  side  channel  crests,  can  be  used  with 
conduit  and  tunnel  spillways. 

With  the  exception  of  those  with  orifice  or  drop 
inlet  entrances,  tunnel  and  conduit  spillways  are 
designed  to  flow  partly  full  throughout  their 
length.  With  the  drop  inlet  or  orifice  control,  the 
tunnel  or  conduit  size  is  selected  so  that  it  flows 
full  for  only  a  short  section  at  the  control  and 
thence  partly  full  for  its  remaining  length.  Ample 
aeration  must  be  provided  in  a  tunnel  or  conduit 
spillway  in  order  to  prevent  a  make-and-break 
siphonic  action  which  would  result  if  some  part 
of  the  tunnel  or  conduit  tends  to  seal  temporarily 
because  of  an  exhaustion  of  air  caused  by  surging 
of  the  water  jet,  or  by  wave  action  or  backwater. 
To  guarantee  free  flow  in  the  tunnel,  the  ratio  of 
the  flow  area  to  the  total  tunnel  area  is  often 
limited  to  about  75  percent.  Air  vents  may  be 
provided  at  critical  points  along  the  tunnel  or 
conduit  to  insure  an  adequate  air  supply  which 
will  avoid  unsteady  flow  through  the  spillway. 

Tunnel  spillways  may  present  advantages  for 
damsites  in  narrow  canyons  with  steep  abutments 
or  at  sites  where  there  is  danger  to  open  channels 
from  snow  or  rock  slides.  Conduit  spillways  may 
be  appropriate  at  damsites  in  wide  valleys,  where 
the  abutments  rise  gradually  and  are  at  a  con- 
siderable distance  from  the  stream  channel.  Use 
of  a  conduit  will  permit  the  spillway  to  be  located 
under  the  dam  near  the  streambed. 

(g)  Drop  Inlet  (Shaft  or  Morning  Glory)  Spill- 
ways.— A  drop  inlet  or  shaft  spillway,  as  the  name 
implies,  is  one  in  which  the  water  enters  over  a 
horizontally  positioned  lip,  drops  through  a  verti- 
cal or  sloping  shaft,  and  then  flows  to  the  down- 
stream river  channel  through  a  horizontal  or  near 
horizontal  conduit  or  tunnel.  The  structure  may 
be  considered  as  being  made  up  of  three  elements; 
namely,  an  overflow  control  weir,  a  vertical 
transition,  and  a  closed  discharge  channel.  Where 
the  inlet  is  funnel-shaped,  this  type  of  structure 
is  often  called  a  "morning  glory"  or  "glory  hole" 
spillway. 

Discharge  characteristics  of  the  drop  inlet  spill- 
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\sa\  inu\  \!ti\  with  the  range  of  head  The  con- 
trol will  shift  according  to  the  relative  discharge 
capacities  <>f  the  weir,  the  transition,  and  the 
tduit  or  tunnel.  For  example,  as  the  heads 
increase  on  a  glorj  hole  spillway,  the  control  will 
shift  from  weir  9om  over  the  crest  t<»  tube  How 
in  the  transition  and  then  t<>  full  pipe  llow  in  the 
downstream  portion.  Full  pipe  How  design  for 
spillways  except  those  with  extremelj  low  drops 
is  not  recommended,  as  is  discussed  in  Bection 
205 

\  drop  inlet  Bpillwa}  can  be  used  advanta- 
iusIj  at  (lam  Bites  in  narrow  canyons  where  the 
abutments  rise  Bteeplj  or  where  a  diversion  tunnel 
or  conduit  is  available  for  use  as  the  downstream 
leg  Another  advantage  of  this  type  of  Bpillwa} 
is  that  near  maximum  capacity  is  attained  at 
relatively  lou  heads;  this  characteristic  makes  the 
Bpillwa}   ideal    for   use  where   the   maximum   spill- 


wax  outflow  is  to  l.e  limited  This  characteristic 
also  iiui\   he  considered  disadvantageous,  in  that 

there     |s     httle     increase     m     capacity      heVolid     the 

designed   heads,   should   a   Mood   larger   than   the 

selected    ilillow     design    Hood    OCCUT.       This    would 

not  he  n  disadvantage  if  this  type  of  spillway  were 
used  us  n  service  Bpillwa}  in  conjunction  with  an 
auxiliary  or  emergency  Bpillw  aj 

An  artist's  <• seption  of  a  drop  inlet  Bpillwa} 

used  with  a  small  earthlill  dam  is  shown  m  figure 

183  Figure  184  Bhows  such  M  conduit  under 
construction.     The  hydraulic  design  is  discussed 

in  section  205  Additional  information  on  the 
design  and  performance  of  drop  inlet  Bpillways  i- 
given  in  the  references  listed  m  the  bibliography 
15,  8,  23]. 

(h)  Culvert  Spillways.  A  culvert  Bpillwa}  is  a 
special  adaptation  of  the  conduit  or  tunnel  spill- 
way.      It   is  distinguished  from  the  drop  inlet   and 
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Figure  783.      Drop  inlet  spillway  for  a  small  dar 
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Figure  184.     Conduit  and  stilling  basin  (or  combined  drop  inlet  spillway  and  outlet  works  at  Heart  Butte  Dam  during  construction. 

Heart  Butte  Dam  is  on  the  Heart  River  in  North  Dakota. 


other  conduit  types  in  that  its  inlet  opening  is 
placed  either  vertically  or  inclined  upstream  or 
downstream,  and  its  profile  grade  is  made  uniform 
or  near  uniform  and  of  any  slope.  The  spillway 
inlet  opening  might  be  sharp  edged  or  rounded, 
and  the  approach  to  the  conduit  might  have  flared 
or  tapered  sidewalls  with  a  level  or  sloping  floor. 
If  it  is  desired  that  the  conduit  flow  partly  full  for 
all  conditions  of  discharge,  special  precautions  are 
taken  to  prevent  the  conduit  from  flowing  full; 
if  full  flow  is  desired,  bellmouth  or  streamlined 


inlet  shapes  are  provided.  Special  hooded  inlets 
are  sometimes  added  to  facilitate  the  flow  passing 
from  part  full  to  full  flow  conditions  as  well  as  to 
prevent  the  formation  of  vortices  which  would 
interfere  with  the  full  flow  action  [24]. 

Culvert  spillways  operating  with  the  inlet  un- 
submerged  will  act  similarly  to  an  open  channel 
spillway.  Those  operating  with  the  inlet  sub- 
merged, but  with  the  inlet  orifice  arranged  so  that 
full  conduit  flow  is  prevented,  will  act  similarly 
to  an  orifice-controlled  drop  inlet  spillway,  or  to 
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tin  orifice-controlled  chute  Bpillwaj  Where  prim- 
ing action  is  induced  and  the  conduit  flows  full,  the 
operation  will  be  similar  to  that  of  a  siphon  spill- 
\\u\  When  tin'  culvert  Bpillwaj  is  arranged  to 
operate  as  a  aiphon,  recognition  must  be  taken  of 
the  disadvantages  of  siphon  flow,  especially  th< 
listed  11-  i! ■in-  (i  .  :.  .  and  (6)  in  section  i86(i). 
When  culvert  Bpillways  placed  on  steep  Blopes 
flow  full,  reduced  or  negative  pressures  prevail 
along  the  boundaries  of  the  conduit.  Where 
negative  pressures  are  large,  there  is  danger  of 
cavitation  to  the  surfaces  of  the  conduil  <>r  of  its 

Collapsing,      Where    crack<    or   joint-    occur    along 

the  low  •pressure  regions,  there  is  the  possibility  of 
drawing  in  soil  surrounding  the  conduit.  Culvert 
spillways,  therefore,  should  not  be  used  for  high- 
head  installations  where  large  negative  pressures 

Can  develop.  Further,  the  transition  flow  phe- 
nomenon, when  the  flow  changes  from  part-full  to 
full  sttiL'e.  i-  attended  by  rather  severe  pulsations 
Mini  vibrations  which  increase  in  magnitude  with 
increased  fall  of  the  culvert  For  these  reasons, 
culvert  spillways  should  not  be  used  for  hydraulic 
drops  exceeding  25  feet. 

For  drops  not  exceeding  25  feet,  culvert  Bpill- 
ways offer  advantages  over  similar  types  because 
of  their  adaptability  for  cither  part-full  or  full 

How  operation  and  because  of  their  simplicity  and 
economy  of  construction.  They  might  be  placed 
on  a  bench  excavated  along  the  abutment  on  a 
relatively  steep  sidehill  location,  or  they  can  be 
placed  through  the  main  section  of  the  dam  to 
discharge  directly  into  the  downstream  river 
channel  As  is  the  case  with  a  drop  inlet  or  siphon 
spillway,  a  principal  disadvantage  of  the  culvert 
spillwii\  i-  that  because  its  capacity  does  not 
substantially  increase  with  increase  in  head,  it 
doe-  not  provide  a  factor  of  safety  against  under- 
estimation of  the  design  Hood.  This  disadvantage 
would  not  apply  if  the  culvert  type  were  used  a-  B 
-ci  vice  spillway  in  conjunction  with  an  auxiliary 
or  emergency  spillway. 

The  hydraulic  design  and  details  for  the  culvert 
spillwa\   arc  discussed  in  section  206. 

Siphon  Spillways.     A  siphon  Bpillway  i-  a 

dosed  conduit  Bystem  formed  in  the  Bhape  of  an 

inverted  U,  positioned  BO  that  the  inside  of  the 
bend  of  the  upper  passageway  i-  at  normal  reser- 
voir Btorage  level.     The  initial  discharges  of  the 

spillway,  as  the  reservoir  level  rises  above  normal, 
arc  -miliar  to  flow    over  a   weir.      Siphonic  action 


takes  place  after  the  air  in  the  bend  over  the  creel 
has  been  exhausted  (  'out inuoii-  flow  i-  main- 
tained by  the  suction  effect  due  to  the  gravity 
pull  of  the  water  in   the  lower  leg  of  the  siphon. 

Most    siphon    Bpillways    are    composed  of  five 
component  parts,  as  shown  on  figure  185.     These 

include  an  inlet,  an  upper  leg,  a  throat  or  control 
Hon,    a    lower   leg,   and    an   outlet       A    -iphon- 
breaker  air   vent    is  also   provided    to   control    the 
siphonic    action    of    the    spillwav     BO    that     it     will 
cease  operation   when   the  reservoir  water  surface 
is   drawn   down    to   normal    level.      Otherwise    the 
siphon  would  continue  to  operate  until  air  entered 
the  inlet.      The  inlet  is  generally  placed  well  below 
the    normal    reservoir    water    surface    to    prevent 
entrance  of  ice  and  drift  and  to  avoid  t  he  format  ion 
of  vortices  and  drawdowns  which  might  break  the 
siphon    action.     The    upper    leg    is    formed    as    a 
bending  convergent  transit  ion  to  join  the  inlet  in  :i 
vertical    throat    section.      The    throat    or    control 
section    is  generally   rectangular   in    cross    section 
and  is  located  at  the  crest  of  the  upper  bend  of  the 
siphon.      The  upper  bend  then  continues  to  join  a 
vertical   or  inclined    tube   which    forms    the    lower 
leg  of  the  siphon.     Often  the  lower  leg  is  placed 
on  an  adverse  slope,  as  shown  in   figure    185  A 
to    provide    a    more    positive    priming    action    by 
forming  a  flow  curtain  which  seals  across  the  I 
The  lower  leg  can  be  terminated  so  as  to  dischai 
vertically  or  along  the  face  of  a  concrete  dam.  as 
shown  in  (B)  and  (C),  respectively,  of  figure  I  5 
or  it    may   be   provided    with    a   lower   bend    and 
diverging   outlet    tube    to    release    the    flow    in    a 
horizontal  direction,  as  shown  in  figure   lS/W'A 
The  outlet   flow   can    be   free  discharging  or  sub- 
merged,   depending   on    the    arrangement    of    the 
lower  leg  and  on  tailwater  conditions. 

A  relatively  simple  siphon  spillway  which  might 
be  used  with  a  small  carthtill  dam  is  shown  on 
figure  186.  Because  of  the  negative  pressures 
prevalent  in  the  siphon,  the  pipe  should  In- 
sufficiently rigid  to  withstand  the  collapsing  for. 
.Joints  must  be  made  watertight,  and  measure- 
must  be  taken  to  avoid  cracking  of  the  pipe  from 
movement  or  settlement  of  the  embankment. 
In  order  to  prevent  absolute  pressures  within  the 
conduit  from  approaching  cavitation  or  collapsing 
pressures,  the  total  drop  of  the  siphon  should  be 
limited  to  a  maximum  of  20  feet 

The   principal   advantage   of  a   siphon   spillwa\ 

is  it>  ability  to  pass  full-capacitj  discharges  with 
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narrow  limits  of  headwater  rise.  A  further 
advantage  is  its  positive  and  automatic  operation 
without  mechanical  devices  or  moving  parts. 

In  addition  to  its  higher  cost,  as  compared  with 
other  types,  the  siphon  spillway  has  a  number  of 
disadvantages,   including  the  following: 

(1)  The  inability  of  the  siphon  spillway  to 
pass  ice  and  debris. 

(2)  The  possibility  of  clogging  the  siphon 


passage  ways  and  siphon  breaker  vents  with 
debris  or  leaves. 

(3)  The  possibility  of  water  freezing  in  the 
inlet  legs  and  air  vents  before  the  reservoir 
rises  to  the  crest  level  of  the  spillway,  thus 
preventing  flow  through  the  siphon. 

(4)  The  occurrence  of  sudden  surges  and 
stoppages  of  outflow  as  a  result  of  the  erratic 
make-and-break   action  of  the  siphon,   thus 
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Figure  186.     Siphon  spillway  for  a  small  earthfill  dam. 
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causing  radical  fluctuations  in  the  downstream 
n\  er  Bta 

("))  The  release  of  outflows  in  excess  of 
reservoir  inflows  whenever  the  siphon  oper- 
ates, if  a  single  siphon  is  used.  Closer 
regulation  which  will  more  nearly  balance 
outflow  and  inflow  can  be  obtained  bj  pro- 
viding >i  Beiies  nf  smaller  siphons,  with  their 
siphon  breaker  rente  sel  to  prime  at  gradually 
increasing  reservou   beads 

The   more  substantial   foundation   re- 
quired i"  resist  vibration  disturbances,  which 
are  more  pronounced  than  in  other  types  of 
control  structures 
\    is  the  case  with  other  tj  pes  of  closed  com  I  nit 
structures,  a  principal  disadvantage  of  the  siphon 

spillway    i-  it-  inability  to  handle  Hows  materially 
.iter     than     designed     capacity     although     the 

reservoir  head  exceeds  the  design  level.  Con- 
sequently, the  siphon  spillway  is  best  suited  as  a 
Service  Bpillwaj   to  be  used  in  conjunction  with  an 

auxiliary  or  emergency  structure. 

187.   Controlled  Crests.      (a)    (!<i,,ral       The  aim 
plesl   form  of  control  for  a  spillway  is  the  free  or 
uncontrolled   overflow    crest    which   automatically 
releases  w  ater  whenever  the  reservoir  water  surface 

rises  M hove  civst  level.  The  ad vant aires  of  the 
union)  rolled  crest  are  the  elimination  of  the  need 
for  constant  attendance  and  regulation  of  the 
control  devices  by  an  operator,  and  the  freedom 
from  maintenance  and  repairs  of  the  devices. 

A  regulating  .irate  or  other  form  of  movable  crest 
must  be  employed  if  a  sufficiently  long  uncon- 
trolled crest  or  a  large  enough  surcharge  head 
cannot  be  obtained  for  the  required  spillway 
capacity.  Such  devices  will  also  be  required  if 
the  spillway  i-  to  release  Btorages  below  the  normal 
reservoir  water  surface.  The  type  and  size  of  the 
-elected  control  device  may  be  influenced  by  such 
conditions  as  discharge  characteristics  of  a  par- 
ticular device,  climate,  frequency  and  nature  of 
Hoods,  winter  storage  requirements,  flood  control 
Btorage  and  outflow  provisions,  the  need  for  han- 
dling ice  and  debris,  and  special  operating  require- 
ments. Whether  an  operator  will  be  in  attendance 
during  periods  of  flood  and  the  availability  of 
electricity,  operating  mechanisms,  operating 
bridges,  etc.,  are  factors  which  will  influence  the 
type  of  control  device  employed 

Many  types  of  crest  control  have  been  devised. 
The  type  -elected  for  n  specific  installation  should 


be   based   on   a   consideration   of   the   factor-   noted 

above  as  well  as  economy,  adaptability,  reliability, 
and  efficiency.  In  the  classification  of  movable 
crests  are  such  devices  a-  dashboards,  itoplogs, 

bear-trap    gate-,     tilting     hingj-d-leaf    gates,     and 

ilium  gates.     Regulating  device-  include  stoplogs, 

needle  beams,  bulkhead-,  vertical  or  inclined 
rectangular    lift     gates,     roller    gates,    and     radial 

gates 

For  Simplicity   of  design  and  operation.  onl\    the 

less  complicated  control  devices  ate  considered 

appropriate   for  spillways   for  small   dam-       Such 

devices  as  dashboards,  stoplogs,  rectangular  gat 

and  radial  gates  should  be  utilized  wherever 
possible,  since  they  can  be  easily  fabricated  or 
obtained  commercially. 

(b)  Flashboards  ami  Stoplogs,  Blashboards  and 
stoplogs  provide  a  means  of  raising  the  reservoir 
Btorage  level  above  a  lived  spillway  crest  level, 
when  the  spillway  is  not  needed  for  releasing 
floods.  Flashboards  usually  consist  of  individual 
boards  or  panels  supported  by  vertical  pins  or 
stanchions  anchored  to  the  crest  ;  stoplogs  are 
boards  or  panels  spanning  horizontally  between 
grooves  recessed  into  supporting  piers.  In  order 
to  provide  adequate  spillway  capacity,  the  flash- 
boards  or  stoplogs  must  be  removed  before  the 
floods  occur,  or  they  must  be  designed  or  arranged 
so  that  they  can  be  removed  while  beingovertopped 

Various  arrangements  of  flashboards  have  been 
devised.  Some  must  be  placed  and  removed 
manually,  some  are  designed  to  fail  after  being 
overtopped,  and  others  are  arranged  to  drop  out 
of  position  either  automatically  or  by  being 
manually  triggered  after  the  reservoir  exceeds 
a  certain  stage.  Flashboards  provide  a  simple 
economical  type  of  movable  crest  device,  and  they 
have  the  advantage  that  an  unobstructed  crest  is 
provided  when  the  flashboards  and  their  support  - 
are  removed.  They  have  numerous  disadvan- 
tages, however,  which  greatly  limit  their  adapta- 
bility. Among  these  disadvantages  are  the  fol- 
lowing: (1)  They  present  a  hazard  if  not  removed 
in  time  to  pass  floods,  especially  where  the  reser- 
voir area  is  small  and  the  stream  is  subject  to 
flash  floods;  (2)  they  require  the  attendance  of  an 
operator  or  crew  to  remove  them,  unless  they  are 
designed  to  fail  automatically;  (3)  if  the\  are 
designed  to  fail  when  the  water  reaches  certain 
stages  their  operation  is  uncertain,  and  when  they 
fail    they    release   sudden    and    undersirably    large 
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outflows;  (4)  ordinarily  they  cannot  be  restored 
to  position  while  flow  is  passing  over  the  crest;  and 
(5)  if  the  spillway  functions  frequently  the  re- 
peated replacement  of  flashboards  may  be  costly. 

Stoplogs  are  individual  beams  or  girders  set  one 
upon  the  other  to  form  a  bulkhead  supported  in 
grooves  at  each  end  of  the  span.  The  spacing  of 
the  supporting  piers  will  depend  on  the  material 
from  which  the  stoplogs  are  constructed,  the  head 
of  water  acting  against  the  stoplogs,  and  the 
handling  facilities  provided  for  installing  and 
removing  them.  Stoplogs  which  are  removed 
one  by  one  as  the  need  for  increased  discharge 
occurs  are  the  simplest  form  of  a  crest  gate. 

Stoplogs  may  be  an  economical  substitute  for 
more  elaborate  gates  where  relatively  close  spacing 
of  piers  is  not  objectionable  and  where  removal  is 
required  only  infrequently.  Stoplogs  which  must 
be  removed  or  installed  in  flowing  water  may  require 
such  elaborate  hoisting  mechanisms  that  this  type 
of  installation  may  prove  to  be  as  costly  as  gates. 
A  stoplogged  spillway  requires  the  attendance  of 
an  operating  crew  for  removing  and  installing  the 
stoplogs.  Further,  the  arrangement  may  present 
a  hazard  to  the  safety  of  the  dam  if  the  reservoir 
is  small  and  the  stream  is  subject  to  flash  floods, 
since  the  stoplogs  must  be  removed  in  time  to 
pass  the  flood. 

(c)  Rectangular  Lift  Gates. — Rectangular  lift 
gates  span  horizontally  between  guide  grooves  in 
supporting  piers.  Although  these  gates  may  be 
made  of  wood  or  concrete,  they  are  often  made  of 
metal  (cast  iron  or  steel).  The  support  guides 
may  be  placed  either  vertically  or  inclined  slightly 
downstream.  The  gates  are  raised  or  lowered 
by  an  overhead  hoist.  Water  is  released  by 
undershot  orifice  flow  for  all  gate  openings. 

For  sliding  gates  the  vertical  side  members  of 
the  gate  frame  bear  directly  on  the  guide  members ; 
sealing  is  effected  by  the  contact  pressure.  The 
size  of  this  type  of  installation  is  limited  by  the 
relatively    large    hoisting    capacity    required    to 


operate  the  gate  because  of  the  sliding  friction 
that  must  be  overcome. 

Where  larger  gates  are  needed,  wheels  can  be 
mounted  along  each  side  of  the  rectangular  lift 
gates  to  carry  the  load  to  a  vertical  track  on  the 
downstream  side  of  the  pier  groove.  The  use  of 
wheels  greatly  reduces  the  amount  of  friction  and 
thereby  permits  the  use  of  a  smaller  hoist.  Rub- 
ber or  belting  is  used  along  the  sides  to  seal  the 
openings  between  the  upstream  leaf  plate  and  the 
sides  of  the  pier. 

(d)  Radial  Gates. — Radial  gates  are  usually 
constructed  of  steel  or  a  combination  of  steel  and 
wood.  They  consist  of  a  cylindrical  segment 
which  is  attached  to  supporting  bearings  by  radial 
arms.  The  face  segment  is  made  concentric  to 
the  supporting  pins  so  that  the  entire  thrust  of 
the  waterload  passes  through  the  pins;  thus,  only 
a  small  moment  need  be  overcome  in  raising  and 
lowering  the  gate.  Hoisting  loads  then  consist  of 
the  weight  of  the  gate,  the  friction  between  the 
side  seals  and  the  piers,  and  the  frictional  resist- 
ance at  the  pins.  The  gate  is  often  counter- 
weighted  to  partially  counterbalance  the  effect 
of  its  weight,  which  further  reduces  the  required 
capacity  of  the  hoist. 

The  small  hoisting  effort  needed  to  operate 
radial  gates  makes  hand  operation  practical  on 
small  installations  which  otherwise  might  require 
power.  The  small  hoisting  forces  involved  also 
make  the  radial  gate  more  adaptable  to  operation 
by  relatively  simple  automatic  control  apparatus. 
Where  a  number  of  gates  are  used  on  a  spillway, 
they  might  be  arranged  to  open  automatically  at 
successively  increasing  reservoir  levels,  or  only 
one  or  two  might  be  equipped  with  automatic 
controls,  while  the  remaining  gates  would  be 
operated  by  hand  or  power  hoists. 

Small  radial  gates  which  may  be  operated  either 
automatically  or  by  hoist  operation  are  available 
commercially.  These  gates  are  fabricated  from 
structural  steel  members  and  have  either  a  cor- 
rugated-metal or  plate-steel  faceplate. 


C.    HYDRAULICS  OF  CONTROL  STRUCTURES 


1 88.  Shape  for  Uncontrolled  Ogee  Crest. — As  dis- 
cussed in  section  186(c),  crest  shapes  which 
approximate  the  profile  of  the  under  nappe  of  a 
jet  flowing  over  a  sharp-crested  weir  provide  the 


ideal  form  for  obtaining  optimum  discharges.  The 
shape  of  such  a  profile  depends  upon  the  head, 
the  inclination  of  the  upstream  face  of  the  over- 
flow section,  and  the  height  of  the  overflow  section 
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above  the  floor  of  the  entrance  channel  (which 
influencee  the  velocity  of  approach  to  the  crest) 
Creel  shapes  have  been  studied  extensively  in  the 
Bureau   of    Reclamation    hydraulic   laboratories, 
and  (Intii  from  which  profiles  for  overflow  crests 
can  be  obtained  haw  been  published  [7].     For 
most    conditions    the   data    can    be   Bummarized 
according  to  the  form  shown  on  figure    I87i  \ 
irhere  the  profile  is  defined  as  it   relates  to  bj 
at  the  apex  of  the  creel      Thai    portion  upstream 
from  the  origin  is  defined  as  either  a  Bingle  curve 
and  a  tangent  or  a--  a  compound  circular  curve. 
The    portion    downstream    is    defined    bj     the 
aquation : 

in  which  K  and  n  are  constants  whose  values 
depend  on  the  upstream  inclination  and  on  the 
Telocity  <>f  approach.  Figure  187  gives  values  of 
these  constants  for  different  conditions. 

The  approximate  profile  shape  for  a  crest  with 
I  vertical  upstream  face  and  negligible  velocity 
of  approach  is  shown  on  figure  188.  The  profile 
i-  constructed  in  the  form  of  a  compounded 
circular  curve  with  radii  expressed  in  terms  of  the 
design  head.  //„.  This  definition  is  simpler  than 
that  shown  on  figure  1^7.  since  it  avoids  the  need 
for  solving  an  exponential  equation;  further,  it 
is  represented  in  a  form  easily  used  by  a  layman 
for  constructing  forms  or  templates.  For  ordinary 
conditions  of  design  of  small  spillways  and  where 
the  approach  height,  /'.  i^  equal  to  or  greater 
than  one-half  the  maximum  head  on  the  crest, 
this  profile  is  sufficiently  accurate  to  avoid 
Seriously  reduced  crest  pressures  and  does  not 
materially    alter    the    hydraulic    efficiency    of    the 

st.  When  the  approach  height  is  less  than 
one-half  the  maximum  head  on  the  crest,  the 
profile  should  he  determined  from  figure  187 

189.  Discharge  Over  An  Uncontrolled  Overflow 
Ogee  Crest,  (a)  (inn  ml.  The  discharge  over  an 
crest   i-  given  by  the  formula : 


<?='  ill. 

where: 

Q    discharge, 

(      a  variable  coefficient  of  dischai 


(3) 


/.     effective  length  of  crest,  and 

Hr      total  head  on   the  crest,  including  velocity 

of  approach  head,  h , 

The  discharge  coefficient,  C,  i>  influenced  b\  a 
number  of  factors,  Buch  as  (1)  the  depth  of 
approach,  (->  relation  of  the  actual  crest  shape 

to  the  ideal  nappe  shape.  (.!:   upstream  face  -lope. 
I     downstream  apron  interference,  and  ("i)  down- 
stream submergence,    The  effect  <>f  these  various 
factors  is  discussed  in  section  190 

The  total  head  on  the  crest .  //,.  does  not  include 
allowances  for  approach  channel  friction  lot 
or  other  losses  due  to  curvature  of  the  upstream 
channel,  entrance  loss  into  the  inlet  section,  and 
inlet  or  transition  losses.  Where  the  design  of  the 
approach  channel  results  in  appreciable  lossi 
they  must  he  added  to  //,  to  determine  reservoir 
elevations  corresponding  to   the  discharges   given 

l>\  the  above  equation. 

(b)  Pier  and  Abutment  KJjectx.  Where  crest 
piers  and  abutments  are  shaped  to  cause  side  con- 
tractions of  the  overflow,  the  effective  length,  /.. 
will  be  less  than  the  net  length  of  the  crest.  The 
effect  of  the  end  contractions  may  be  taken  into 
account  by  reducing  the  net  crest  length  as  follov 


L=L'-2(NK,  +  K,,  II 


(4) 


where: 

A  =  effective  length  of  crest. 

//  =  net  length  of  crest, 

■/V=number  of  piers, 

Kp  —  pier  contraction  coefficient. 

■Ka  =  abutment  contraction  coefficient,  and 

//,      total  head  on  crest. 

The  pier  contraction  coefficient,  Kp,  is  affected 
by  the  shape  and  location  of  the  pier  nose,  the 
thickness  of  the  pier,  the  head  in  relation  to  the 
design  head,  and  the  approach  velocity.  For  con- 
ditions of  design  head,  //0,  a\  erage  pier  contraction 
coefficients  may  be  assumed  as  follows 

K, 

For  square-nosed  piers  with  corners  0.02 

rounded  on  a  radius  equal  to  about 
0.1  of  the  pier  thicknt 

For  round-nosed  piers 0.01 

For  pointed-nose  piers o 
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Figure  187.     Factors  for  definition  of  nappe-shaped  cresl  profiles.     (Sheet  1  of  2.) 
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Figure  787.      Factors  for  definition  of  nappe-shaped  crest  profiles.      (Sheet  2  of  2.) 
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Figure  188.     Ogee  crest  shape  defined  by  compound  curves. 


SPILLWAYS 

The  abutment  contraction  coefficient  is  affected 
l>\  the  shape  <>f  the  abutment,  tin1  angle  between 
the  upstream  approach  wall  and  the  axis  of  M<>\\ . 
the  head  in  relation  to  the  design  head,  and  the 
approach  velocity  For  conditions  of  design  head, 
//    average  coefficients  may  be  assumed  as  follows 

For   square    abutments    with    headwall     0.20 

at  '.hi    in  direction  of  floti 
For    rounded     abutments    with     head-     0  10 

trail    hi    90      to    direction    <>f    flow, 

when  !»•'>//.  -/•  -ii  i:.// 

For     rou  n  (1  imI      n  I)  ii  t  iii  iMi  I  s      w  Ii  I'M'      () 

/•      0  •*•//     and    headwall    is    placed 
not    more    than   45°   to   direction    of 

D0* 

where  r    radius  of  abutment  rounding. 

190.    Coefficient     of    Discharge     for     Uncontrolled 

Ogee  Crests,  a  Effect  oj  Depth  "f  Approach. 
For  ii  high  Bharp-crested  weir  placed  in  a  channel, 
the  velocity  of  approach  is  small  and  the  under  aide 
of  ilir  nappe  flowing  over  the  weir  attuns  maxi- 
mum vertical  contraction.  As  the  approached  depth 
i-.  decreased,  the  velocity  of  approach  increases  and 
ilir  vertical  contraction  diminishes.     For  Bnarp- 

Bted  weirs  \\  hose  heights  arc  not  less  than  about 
one-fifth  the  heads  producing  How  over  them,  the 

fficient  of  discharge  remains  fairly  constant 
with  a  value  of  about  :<.:<  although  tin-  contraction 
diminishes.  For  weir  heights  leas  than  about  one- 
fifth  the  head,  the  contraction  of  the  How  becomes 
increasingly  suppressed  and  the  crest  coefficient 
decreases  When  the  weir  heighl  becomes  Bero, 
the  contraction  is  entirely  suppressed  and  the 
overflow  weir  becomes  in  effect  a  channel  or  a 
broad-crested  weir,  for  which  the  theoretical  co- 
efficient of  discharge  is  3.087.  If  the  sharp-crested 
weir  coefficients  arc  related  to  the  head  measured 
from  the  point  of  maximum  contraction  instead  of 
to  the  head  above  the  sharp  crest,  coefficients  ap- 
plicable to  ogee  crests  shaped  to  profiles  of  under 
nappes    for    various    approach    velocities    can    he 

iblished.      The    relationship   of    the    ogee    crest 

Coefficient,    < '.,.    to  various    values   of    ,,    is   shown 

on  figure  189.     These  coefficients  are  valid  only 

when  the  Ogee  is  formed   to  the  ideal  nappe  shape. 

that    is    when     ,.-  =  1. 
Ho 
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b  Effect  of  Heads  D  ■■  g  from  Design  Head. 
When  the  ogee  crest  is  formed  t.>  a  shape  differ- 
ing from  the  ideal  shape  or  when  the  crest  has 
been  shaped  for  a  head  larger  or  smaller  than  the 
one  under  consideration,  the  coefficient  of  dis- 
charge will  differ  from  that  shown  on  figure  189 
A  widened  shape  will  result  in  positive  pressures 
along  the  crest  contact  surface,  thereby  reducing 
the  discharge ;  with  a  narrower  crest  shape  negat  ive 

pressures    along    the    contact    surface    will    occur. 

resulting  in  an  increased  discharge.     Figure  190 

shows  the  variation  of  the  coefficient  as  related  to 

values  of  .  '■  where  H,  is  the  actual  head   being 

considered 

An  approximate  coefficient  of  discharge  for  an 
irregularly  shaped  crest  whose  profile  has  not  been 

formed  according  to  the  under  nappe  of  the  over- 
flow jet  can  he  estimated  by  finding  an  ideal  shape 
which  most  nearly  matches  it.  The  design  head, 
//„,  corresponding  to  the  matching  shape  can  then 
be  used  as  a  basis  for  determining  the  coefficients 
The  coefficients  for  partial  heads  on  the  crest. 
for  preparing  a  discharge-head  relationship,  can 
be  determined  from  figure  190. 

(c)  Effect  oj  Upstream  Face  Slope. — For  small 
ratios  of  the  approach  depth  to  head  on  the  en 
sloping  the  upstream  face  of  the  overflow  results 
in  an  increase  in  the  coefficient  of  discharge.  For 
large  ratios  the  effect  is  a  decrease  of  the  coefficient. 
Within  the  range  considered  in  this  text,  the 
coefficient  of  discharge  is  reduced  for  large  ratios 

P 

of  -fj    only   for   relatively   flat    upstream   slop 

Figure  191  shows  the  ratio  of  the  coefficient  for.  an 
overflow  ogee  crest  with  a  sloping  face  to  the 
coefficient  for  a  crest  with  a  vertical  upstream 
face  as  obtained  from  figure  189  (and  as  ad- 
justed by  figure  190  if  appropriate),  as  related  to 

values  of  yj-- 

(d)  Effect  of  Downstream  A /iron  Interference  and 

Downstream  Submergence.  When  the  water  level 
below  an  overflow  weir  is  high  enough  to  affect 
the  discharge,  the  weir  is  said  to  be  submerged 
The  vertical  distance  from  the  crest  of  the  overflow 
to  the  downstream  apron  and  the  depth  of  flow  in 
the  downstream  channel,  as  it  relates  to  the  head 
pool   level,   are   factors   which   alter  the  coefficient 

of  dischfl  • 
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Figure  189.     Discharge  coefficients  for  vertical-faced  ogee  crest. 


H 

T 

-^lhfl 

M 

f~  " 

/ 

y 

///;//, 

V 

0.4 


0.8 


1.0 


1.2 


RATIO    OF    HEAD    ON    CREST    TO   DESIGN    HEAD=tt- 

H0 


Figure  190.     Coefficient  of  discharge  for  other  than  the  design  head. 
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Figure   797.      Coefficient  of  discharge  for  ogee-shaped  crest  with  sloping  upstream  face. 


Fh e  distinct  characteristic  flows  can  occur  below 
mi  overflow  crest,  depending  on  the  relative 
positions  of  the  apron  and  the  downstream  water 
surface:  I  Flow  will  continue  at  supercritical 
a  partial  or  incomplete  hydraulic  jump 
will  occur  immediately  downstream  from  the 
cres  a  true  hydraulic  jump  will  occur;  (-1    a 

drowned  jump  will  occur  in  which  the  high-velocity 
jet  will  follow  the  face  of  the  overflow  and  then 
continue  in  an  erratic  and  fluctuating  path  for  a 
considerable  distance  under  and  through  the  slower 
water:  and  (5)  no  jump  will  occur  the  jet  will 
break  away  from  the  face  of  the  overflow  and  ride 
along  the  surface  for  a  short  distance  and  then 
erratically  intermingle  with  the  slow  moving  water 
underneath.  Figure  192  shows  the  relationship 
of  the  floor  positions  and  downstream  submer- 
gences which  produce  these  distinctive  flow- 
Where  the  downstream  flow  is  at  supercritical 
ge  or  where  the  hydraulic  jump  occurs,  the 
decrease  in  the  coefficient  of  discharge  is  due 
principally  to  the  back-pressure  effect  of  the  down- 
am  apron  and  is  independent  of  any  sub- 
mergence effeel  due  to  tailwater.  Figure  I'M 
shows  the  effect  of  dow  nst ream  apron  conditions 
on  the  ci  .efficient  of  discharge.  It  w  ill  he  noted  that 
this  curve  plots  the  same  data  represented  hy  the 
vertical  dashed  lines  on  figure  192  in  a  slightly  dif- 
ferent form.      As  the  downstream  apron  level  nears 

the  crest  of  the  overflow  (     ',.  '    approaches  in). 

the  coefficient   of  discharge  is  ahout    77   percent  of 

that  for  unretarded  flow.     On  the  basis  of  a  co- 


efficient  of  4.0  for  unretarded  flow  over  a  high 
weir,  the  coefficient  when  the  weir  is  submerged 
will  he  ahout  3.08,  which  is  virtually  the  coeffic- 
ient for  a  broad-crested  weir. 

From   figure    192   it   can   lie  seen   that  when   the 


H, 


values   exceed    ahout    1.7,    the  downstream 


floor  position  has  little  effect  on  the  coefficient, 
hut  there  is  a  decrease  in  the  coefficient  caused  hy 
tailwater  submergence.  Figure  104  shows  the 
ratio  of  the  coefficient  of  discharge  where  affected 
by  tailwater  conditions,  to  the  coefficient  for  free 
flow  conditions.  This  curve  plots  the  data  repre- 
sented by  the  horizontal  clashed  lilies  on  figure  192 
in  a  slightly  different  form.  Where  the  dashed 
lines  on  figure  192  are  curved,  the  decrease  in  the 
coefficient  is  the  result  of  a  combination  of  tu.il- 
water  effects  and  downstream  apron  position. 

191.  Examples  of  Designs  of  Uncontrolled  Ogee 
Crests.  The  following  two  examples  illustrate  the 
methods  of  designing  uncontrolled  ogee  crests, 
including  the  computation  of  approach  channel 
losses  and  velocity  head,  the  determination  of  the 
total  length  of  the  crest,  and  the  correction  of  the 
coefficient  of  discharge  for  various  effects. 

:i  Km  in  pit  I.  Design  an  uncontrolled  over- 
flow ogee  crest  for  a  chute  spillway,  to  discharge 
2,000  second-feet  at  a  5-foot  head,  and  prepare  a 
di -charge-head  curve.  The  upstream  face  of  the 
crest  l-  sloped  1:1,  and  the  entrance  channel  i- 
101)  feet  long.  A  bridge  is  to  span  the  crest,  and 
1 8-inch- wide  bridge  piers  with  rounded  nose-  are 
to    be    provided.      The    bridge    spans    are    not    to 
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gure  192.      Effects  of  downstream  influences  on  flow  over  weir  crests. 


exceed  20  feet.  The  abutment  walls  are  rounded 
to  a  5-foot  radius,  and  the  approach  walls  are  to 
be  placed  at  30°  with  the  centerline  of  the  spillway 
entrance. 

To  solve  the  problem,  either  the  approach 
depth  and  apron  position  with  respect  to  the  crest 
must  be  selected  and  the  appropriate  coefficient 
determined,  or  an  arbitrary  coefficient  must  be 
selected  and  the  appropriate  dimensions  deter- 
mined.    The  solution  will  show  both  procedures. 

Procedure  1:  First,  assume  the  position  of  the 
approach  and  downstream  apron  levels  with 
respect  to  the  crest  level,  say  2  feet  below  crest 
level.     Then  He  +  P  is  approximately  7  feet. 

To  evaluate  the  approach  channel  losses,  assume 
a  value  of  C  to  obtain  an  approximate  approach 


velocity,  say  (7=3.7.  Then  the  discharge  per 
unit  of  crest  length,  q,  is  equal  to  CH//2  =  3.7X53/2 
=41  second-feet.  The  velocity  of  approach,  va, 
q  41 


is  then  equal  to 


=5.9  feet  per  second, 


Ht+P     7 

and  the  approach  velocity  head,  ha,  is  equal  to 
5.92 


?=-t^=0.5  feet. 


v  _ 
2g~64A 

Assuming   a   value   of   0.0225   for   the   friction 
coefficient,  n,  in  Manning's  formula  and  assuming 
the   hydraulic   radius,   /■,   equal   to   the   depth   of 
approach,  the  friction  slope,  s,  is  equal  to 
y^y     /5.7X0.0225y 
.486^7      Vl-486X72'V      U 
Then  the  total  approach  channel  friction  loss,  hf, 
is  equal  to  100  X  0.0006  =  0.06  feet.     Assuming 
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Figure  193.      Ratio  of  discharge  coefficients  due  to  apron  effect. 


an  entrance  loss  into  the  approach  channel  equal 
to  0.1  Aa,  the  total  loss  of  head  in  the  approach 
is  approximately  0.06  +  0.1  X  0.5  =  0.11  feet. 
The  effective  head,  //„,  is  equal  to  5.0—0.11 

P  2 

=  4.89  feet,  and  y^is  equal  to  t^5  =  0-41.     From 

189,   the  value  of  <"„  for  a    .      value  of  0.41 

° 

77. 

Figure    191    is   used    to  correct    the  discharge 
coefficient    for  the  inclined   upstream  slope.     For 

/> 
a  1:1  slope  and  a  value  of  0.41  for yy,  the  ratio  of 

'      .»<■(, nrj 
'      trrrir.il 


i-   1.018.     Then,   C,=  1.018X3.77=3.84 


Next,  the  relationships  of  '''     '  and    '.'  are  evalu- 

lit  11, 

•ted  to  determine  the  downstream  effects.     The 

i         thd  +  d.  .     < 

value  of  is approximately -    ,      1.41.     From 

//.  4.89 

figure  L92  for  an   '"'..  (/ value  of  1.41,  the  value  of  '',' 
II  II, 

at  supercritical  (low  is  0.91.     If  supercritical  How 

prevails,  h4  should  be  equal  to  0.91  //,     0.91      1.89 

=  4.44.  and  ./  should  he  equal  to  6.89—4.44     2.46 
feet     \\  ith  the  indicated  unit  discharge  of  approxi- 


mately 41    second-feet,   the  downstream   velocity 

41 
will  be  approximately^  —  =16.7  feel  persecond,and 


the    velocity    head,    ft,,    will     he    equal     to 


lf..7J 
64.4 


4.4  feet.      The  closeness  of  the  values  of  It,,  and  /<r 
verifies  that  the  flow  is  supercritical.     From  figure 

!'.»'-'   it.  can   he  seen   that    the  downstream  effect    i> 

due  to  apron  influences  only,  and  that  the  correc- 
tions shown  on  figure  19:5  will  apply.  The  ratio 
of  the  modified  (',  to  the  coefficient  C.  for  a  down- 
Ad  •  d 


stream    apron    position    determined    by    the 


If, 


ratio  of  1.41  i-~  96.6  percent.  The  corrected 
coefficient  therefor  i-  3.84X0.966  3.71.  This 
coefficient  has  now  hecn  corrected  for  all  influenc- 
ing effects. 

The  next  step  is  to  determine  the  required  • 
length.     For  the  design  head.  //„.  of  4.89  feet  the 
required    effective   crest    length,    A.   is   equal    to 

OH,        3.71X04*89         l99  feet     To  oo™"  f"r 

pier  effects,  the  net  length  from  equation  (4)  is: 

L'  =  L^  2  A/v      K.  II. 
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Figure  194.     Ratio  of  discharge  coefficients  due  to  tailwater  effect. 


If  the  bridge  spans  are  not  to  exceed  20  feet,  two 
piers  will  be  required  for  the  approximate  50-foot 
total  span  and  N  will  equal  2.     Then 

£'  =  49.9+2(2X0.01+0)4.89  =  50.1. 

The  foregoing  procedure  establishes  a  coefficient 


of  discharge  for  the  design  head.  For  computing 
a  rating  curve,  coefficients  for  lesser  heads  must 
be  obtained.  Since  the  variations  of  the  different 
corrections  are  not  consistent,  the  procedure  for 
correcting  the  coefficients  must  be  repeated  for 
each  lesser  head.  The  variables  can  be  tabulated 
in  a  form  similar  to  that  used  in  table  19. 


Table  19. — Design  of  an  uncontrolled  overflow  ogee  crest — example  1,  procedure  1 
[Given  1=50  feet.'    H.  =4.89  feet.    P=2  feet] 


(2) 

c 

C. 

Total 

Total 

H, 

H, 

hd+d 

C. 

Q  = 

H,+P 

f« 

A„ 

s 

Entrance 
loss, 

ap- 
proach 

Gross 
head, 

dis- 
charge, 

feet 

Ci 

hd+d 

H, 

C.7/,3/2 

(approx.) 

0.1  A„ 

losses, 

feet 

second- 

Co 

C 

feet 

feet,  Q= 
C,  LH.W 

0.1 

0.49 

0.82 

3.15 

2.49 

5.08 

1.00 

3.15 

1.1 

2.49 

0.44 

0.003 

0.00001 

0 

0 

0.49 

55 

.2 

.98 

.85 

3.26 

2.98 

3.04 

1.00 

3.26 

3.2 

2.98 

1.07 

.02 

.00006 

0 

.01 

.99 

160 

.4 

1.96 

.90 

3.46 

3.96 

2.02 

1.00 

3.46 

9.5 

3.96 

2.40 

.09 

.0002 

.01 

.03 

1.99 

475 

.6 

2.93 

.94 

3.61 

4.93 

1.68 

1.00 

3.61 

18.1 

4.93 

3.67 

.21 

.0004 

.02 

.06 

2.99 

905 

.8 

3.91 

.97 

3.73 

5.91 

1.51 

.982 

3.66 

28.3 

5.91 

4.79 

.36 

.0005 

.04 

.09 

4.00 

1,415 

1.0 

4.89 

1.0 

3  3.84 

6.89 

1.41 

.966 

3.71 

40.0 

6.89 

5.80 

.52 

.0006 

.05 

.11 

5.00 

2,000 

1.2 

5.87 

1.03 

3.96 

7.87 

1.34 

.95 

3.76 

53.5 

7.87 

6.80 

.72 

.0007 

.07 

.14 

6.01 

2,675 

1  The  effective  crest  length  and  the  net  crest  length  for  H„  are  49.9  feet  and  50.1  feet,  respectively.  Because  of  the  small  magnitude  of  the  pier  effects,  an 
average  length  of  50  feet  is  taken  for  the  effective  crest  length  for  all  values  of  H..  If  the  pier  effects  are  significant,  separate  effective  crest  lengths  should  be 
computed  for  each  H,  value. 

2  From  fig.  190. 
3C,n«i,„.ifor  Hc. 
*  From  fig.  193. 


SPILLWAYS 

Pint,  assume  an  overall  coefficient 

of  discharge,  aaj  The  discharge   per   unit 

length,  >/.  is  then  equal  i<>  3  '■//  19  2  aecond- 

feel  for  //.     5  feet.     Then  the  required  effective 

Q    2,000    M< 
length  of  the  crest,  L,  is  equal  to  ,ir>      51  teet. 

Next,  the  approach  depth  is  approximated  by 

•  ■f  figure   189      From  this  figure,  for  C    x."> 
/• 
the  value  of  ..    is  approximately  0.2.     Thus,  the 

approach  depth  cannol  l>e  less  than  I  foot.  To 
allow  for  oilier  factors  which  may  reduce  the 
coefficient,  an  approach  depth  of  about  2  feet 
might  reasonably  be  assumed. 

Willi  a  2-foot  approach  depth,  the  computation 
for  approach  losses  will  be  the  same  as  in  the  pro- 
cedure l  solution  and  the  effective  head,  //„,  will 
become  t  89  feet.  Similarly,  the  value  of  <  will 
84 

Since  the  overall  coefficient   of  3.5  was  assumed 

for  the  5-foot  gross  head,  the  corresponding  coeffi- 
cient for  the  4.89-foot  effective  head  will  be 


HM 


fTOtt  tt'-'i 


II      - 


grout  head 
ffrctict  head 
3/2 


or 


The  submergence  ratio,    ,'..  will  then  be  '.-'— ~   =0.94, 

and.  from  figure  193,  '""  '    will  be  1.3.    ThusA^+d 

will  be  1.3X4.89=6.4  feet.  The  downstream 
apron  should  therefore  be  placed  1.4  feet  below 
the  crest  level. 

Since  it  was  demonstrated  previously  that  pier 
and  contraction  effects  are  small,  they  can  be 
neglected  in  this  example,  and  the  net  crest  length 

therefore,  51  feet.  This  crest  length  and  down- 
stream apron  position  can  be  varied  by  altering  the 

imptions    of   overall    coefficient    and    approach 
depth. 

The  discharge  rating  curve  may  be  developed 
by  a  process  Bimilar  to  that  used  in  procedure  I. 
KxampU  J.  Design  an  uncontrolled  over- 
flow crest  for  a  diversion  dam  to  pass  2. 01)0  second- 
feet  with  a  depth  of  How  upstream  from  the  dam 
Dot  exceeding  ">  feet  above  the  crest.  The  over- 
How  dam  l-  8  feet  high.  The  abutment  beadwall  is 
90°  to  the  direction  of  How  and  the  edge  adjacent 
to  the  crest   is  rounded   to  a   l'J-inch  radios.      For 


281 


2,000  -econd-feel    flow,    the   tailwater   will   rise  3.5 
feet    al>o\  e   the  en  St 

For  an  approximate  head.  //,.  of  5  feet,  a  crest 
height  of  8  feet,  and  a  crest  Bubmergence  of  •'<"> 
d     13 


feel 


//.  -  "•    *u"1     //.      5 


From 


figure  192  it  can  be  seen  that  for  these  relations 
the  downstream  flow  phenomena  will  be  that  of  a 

drowned    jump    and    that    the    coefficient    will    he 
reduced  about  0  percent. 

/'      8 

Roughly,    ,,      ;       1.6   and    the   imrelaided   coelli- 

cient  from  figure  189  is  3.93.     Reducing  this  by  6 

percent    because    of   submergence    results    ill    an 

approximate  coefficient  of  •'<.?. 

The  approximate  discharge  per  foot  of  crest,  </, 

is   equal    to    t  11,,'  ■     3  7     5  '     41  5    second-feet. 

4  1  ."> 
Then  the  velocity  of  approach,  r„.  is       '    =3.2  feet 

per  second   and    the  approach   velocity   head,  li„,  is 

0.16  feet.     //„  is  5  0     0.16     5.16  feet. 

/' 


Th 


e   revised    \alue 


of  .,    does  not  appreciably 

'  '  o 


alter  the  coefficient  obtained  from  figure  189.      The 
revised  value  of     ''         will  be     '.  ,  .  =2.55  and  the 


revised  value  of  T'l  will  be 


1 .66 


=0.32.     Thereduc 


//„  5.16 

tion  in  coefficient  due  to  submergence  effects  from 
figure  1!*2  is  .">  percent.  The  revised  coefficient  is 
95  percent  of  3.93=3.73. 

The  effective  crest  length,  L.  is  equal  to  ,\  , 
- 2,000 =45?feet 

The  net  crest  length  is  determined  by  use  of 
equation  (4).  Without  piers  the  net  crest  length, 
//,  is  equal  to  /.  •  2KnII,.  For  00°  abutment 
walls  rounded  to  a  radius  larger  than  0.15  //„, 
jK"o  =  0.10.  Then  the  net  crest  length,  /-',  is  equal 
to  4o.7+2X0.10X5.16  =  46.7   feet. 

192.  Uncontrolled  Ogee  Crests  Designed  For  Less 
Than  Maximum  Head.      Fconomy   in   the  design   of 

an  ogee  crest  may  sometimes  be  effected  by  using  a 
design  head  less  than  the  maximum  expected,  for 
determining  the  ogee  profile.  As  discussed  pre- 
viously, use  of  a  smaller  head  for  design  results  in 
increased  discharges  for  the  full  range  of  heads. 
The  increase  in  capacity  makes  it  possible  to 
achieve  economy  by  reducing  either  the  crest 
length  or  the  maximum  surcharge  head. 
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Tests  have  shown  that  the  subatmospheric 
pressures  on  a  nappe-shaped  crest  do  not  exceed 
about  one-half  the  design  head  when  the  design 
head  is  not  less  than  about  75  percent  of  the 
maximum  head.  For  most  conditions  in  the 
design  of  small  spillways,  these  negative  pressures 
will  be  small,  and  they  can  be  tolerated  because 
they  will  not  approach  absolute  pressures  which 
might  induce  cavitation.  Care  must  be  taken, 
however,  in  forming  the  surface  of  the  crest  where 
these  negative  pressures  will  occur,  since  uneven- 
ness  caused  by  abrupt  offsets,  depressions,  or 
projections  will  amplify  the  negative  pressures  to 
a  magnitude  where  cavitation  conditions  can 
develop. 

The  negative  pressure  on  the  crest  may  be 
resolved  into  a  system  of  forces  acting  both  upward 
and  downstream.  These  forces  should  be  con- 
sidered in  analyzing  the  structural  stability  of  the 
crest  structure. 


An  approximate  force  diagram  of  the  subatmos- 
pheric pressures  when  the  design  head  used  to 
determine  the  crest  shape  is  75  percent  of  the 
maximum  head  is  shown  on  figure  195.  These 
data  are  based  on  average  results  of  tests  made  on 
ideal  shaped  weirs  with  negligible  velocities  of 
approach.  Pressures  for  intermediate  head  ratios 
can  be  assumed  to  vary  linearly,  considering  that 

TJ 

no  subatmospheric  pressure  prevails  when    j^  is 

He 

equal  to  1. 

193.  Gate-Controlled  Ogee  Crests. — Releases  for 
partial  gate  openings  for  gated  crests  will  occur  as 
orifice  flow.  With  full  head  on  the  gate  and  with 
the  gate  opened  a  small  amount,  a  free  discharging 
trajectory  will  follow  the  path  of  a  jet  issuing  from 
an  orifice.  For  a  vertical  orifice  the  path  of  the 
jet  can  be  expressed  by  the  parabolic  equation: 


-y- 


=4H 


(5) 


/    "r,si\ Subatmospheric    pressure    zone 


n0  n0 


u 

Figure  195.     Subatmospheric  crest  pressures  for  ft- =0.75. 
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where  //  is  1 1 u-  head  on  the  center  of  the  opening. 
Km  mi  orifice  inclined  an  angle  <>f  0  from  the 
\  erl  i •  -ii  1 .  the  equation  « ill  I 


v  *Un9+4ffyo 


If  Bubatmospheric  pressures  are  t<>  be  avoided 
along  the  crest  contact,  the  shape  of  the  ogee 
downstream  from  the  gate  sill  must  conform  to  the 
trajectoi  \  profile 

Experiments  have  shown  thai  when  gates  are 
operated  with  small  openings  under  high  heads, 
negative  pressures  will  occur  along  the  crest  in  the 
region  immediately  below  the  gate  if  the  ogee 
shape  is  thinner  than  one  which  would  conform  to 
the  trajectory  shape.  Tests  showed  the  suhat- 
mospheric  pressures  would  be  equal  to  about  one- 
tenth  of  the  design  head  if  the  ogee  is  shaped  to  the 
ideal  nappe  profile  for  maximum  head  and  if  the 
gate  I--  operated  at  small  openings.  The  force 
diagram  for  this  condition  is  shown  on  figure  196. 


Water    jurface-. 

^ — I 


Figure   196.      Subatmospheric  cre$t  pressures  lor  undershot  sate 
flow. 

The  adoption  of  a  trajectory  profile  rather  than 
a  nappe  profile  downstream  from  the  gate  sill 
will  result   in  a  wider  Ogee,  and  reduced  discharge 

efficiency  for  full  gate  opening.  Where  the  dis- 
charge efficiency  is  unimportant  and  where  a  wider 

shape  is  needed   for  structural  stability,   the 

trajectory  profile  may  he  adopted  to  avoid  Bub- 
atmospheric pressure  zones  along  the  crest  Where 
the  ogee  is  shaped  to  the  ideal  nappe  profile  for 
maximum  head,  the  Bubatmospheric  pressure  area 

can   he   minimized   by   placing  the  gate  sill   down- 


Btream    from    the   crest    of   the  o  This   will 

provide  an  orifice  which  is  inclined  downstream 
for  small  gate  openings  and  thus  will  result  in 
a  steeper  trajectory  more  nearly  conforming  to 
the  nappe-shaped  profile. 

194.  Discharge  Over  Gate-Controlled  Ogee 
Crests.  The  discharge  for  a  gated  ogee  crest  at 
partial  gate  openings  will  be  similar  to  flow  through 
a  low-head  orifice  and  ma\  he  computed  h\  the 
equat  ion : 


Q  j.n -'.</  cihi      n    ) 


- 


where  //,  and  //  arc  the  total  heads  (including 
the  velocity    head  of  approach)  to  the  bottom  anil 

top  of  the  orifice,  respectively.      The  coefficient, 

< ',  will  differ  with  different  ^rate  and  crest  arrange- 
ments; it  is  influenced  l>y  the  approach  and  down- 

Btream  conditions  as  the}  affect  the  jet  contrac- 
tions. Thus,  the  top  contraction  for  a  vertical 
leaf  gate  will  differ  from  t  hat  for  a  curved,  inclined 
radial  gate;  the  upstream  floor  profile  will  affect 
the  bottom  contraction  of  the  issuing  jet  ;  and  the 
downstream  profile  will  affect  the  back  pressure 
and  consequently  the  effective  head.  Figure  197 
shows  coefficients  of  discharge  for  orifice  flows  for 
various  ratios  of  gate  opening  to  total  head.  The 
curve  represents  averages  determined  for  the 
various  approach  and  downstream  conditions 
described  and  is  sufficiently  reliable  for  determin- 
ing discharges  for  small  spillway  structures. 

195.  Side  Channel  Spillways.  i  General.  The 
theory  of  flow  in  a  side  channel  spillway  [8]  is 
based  principally  on  the  law  of  conservation  of 
linear  momentum,  assuming  that  the  only  foi 
producing  motion  in  the  channel  result  from  the 
fall  in  the  water  surface  in  the  direction  of  the 
axis.  This  premise  assumes  that  the  entire  energy 
of  the  flow  over  the  crest  is  dissipated  through  its 
intermingling  with  the  channel  flow  and  is  there- 
fore of  no  assistance  in  moving  the  water  along 
the  channel.  Axial  velocity  is  produced  Only  after 
the    incoming    water    particles    join    the    channel 

si  ream. 

For  an\  short  reach  of  the  side  channel,  the 
momentum  at  the  beginning  of  the  reach  plus  anj 
increase  in  momentum  due  to  external  forces  must 
equal  the  momentum  at  the  end  of  the  reach.  If 
a  short  reach,  Ar  in  length,  is  considered  and  the 
velocity  and  discharge  at  the  upstream  section 
are  /•  and  Q.  respectively,  at   the  downstream  sec- 
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Figure  197.     Coefficient  of  discharge  for  flow  under  gates. 


tion  the  velocity  and  discharge  will  be  v-\-Av  and  The  rate  of  change  of  momentum  with  respect 

Q+q(Ax),  where  q  is  the  inflow  per  foot  of  length       to   time  being   v  times   the  rate  of  change   with 

of  weir  crest.     The  momenta  3  at  the  two  sections       respect  to  x,  and  considering  the  average  velocity 

therefore  will  be:  .     ,     T    .  1,.   ,~1  ,.       /11N  ,  ... 

to  be     v-\-^(Av)   ,  equation  (11)  can  be  written: 


Upstream,  Mu=— 

Downstream,  Md=^+q^Ax)\v+Av] 

g 

Subtracting  equation  (8)  from  equation  (9): 


Dividing  by  Ax: 


AM     Q(Av)  .  g ,    .   .  . 
Ax      g(Ax)     g 


(8) 
(9) 

(10) 
(ID 


J  The  weight  of  1  cubic  foot  of  water  is  taken  as  a  unit  of  force  to  eliminate 
the  necessity  of  multiplying  all  forces  and  momenta  by  62.5  to  convert  them 
into  pounds. 


AM     Q(Av) 


At 


fig[^^[M>)]M 


AM 


As  ^r—  is  the  accelerating  force,  which  is  equal 
At 

Ay    . 
to  the  slope  of  the  water  surface  —  times  the  aver- 
age discharge,  equation  (12)  becomes: 


+^  [v+Av]  [»+|(A»)]   (13) 


SPILLWAYS 

from  which  the  change  in  water  surface  elevation 


If  <,;,  ninl  /•,  are  values  at  the  beginning  <>f  the 
reach  and  (J:  and  '.  are  the  values  at  the  end  <>f  the 
.  the  equation  can  be  «  ril  ten: 

An      ''  Hr  -,•,+''     ''       ''    1       (15) 

Similarly  ,  the  derivation  can  be  developed  so  that: 


-Vv 


g 


v    L        '  +      v       J 


(16) 


Bj  use  of  equation  ( br>)  or  ( 16),  the  water  sur- 
face profile  can  be  determined  for  any  particular 
side  channel  !>\  assuming  successive  short  reaches 
of  channel  once  a  starting  poinl  is  found.  The 
solution  of  equation  (15)  or  (16)  1-  obtained  by  a 
trial  and  error  procedure.  For  a  reach  of  length 
As  in  a  specific  location,  <'  and  (].  will  be  known. 
If  the  depth  at  one  end  of  the  reach  has  been 
established,  a  trial  depth  at  the  other  end  of  the 
reach  can  be  found  which  will  satisfy  the  indicated 
and  computed  values  of  Ay. 

As  in  other  water  surface  profile  determinations, 
the  depth  of  flow  and  the  hydraulic  characteristics 
of  the  Mow  will  be  affected  by  backwater  influences 
from  some  control  point,  or  by  critical  conditions 
liong  the  reach  of  the  channel  under  consideration. 
The  selection  of  a  control  for  Btarting  the  water 
surface  profile  computations  is  treated  in  the  sub- 
sequent discussion. 

When  the  bottom  of  the  side  channel  trough  is 
■elected  so  that  its  depth  below  the  hydraulic 
gradient  is  greater  than  the  minimum  specific 
energy  depth,  flow  will  be  either  at  the  subcritical 
or  supercritical  stage,  depending  on  the  relation 
of  the  bottom  profile  to  critical  slope  or  on  the 
influences  of  a  downstream  control  section.  If 
lope  of  the  bottom  is  greater  than  critical 
and  a  control  section  1-  not  established  below  the 
side  channel  trough,  supercritical  flow  will  prevail 
throughout  the  length  of  the  channel.  For  this 
stage,  velocities  will  be  high  and  water  depths  will 
be  shallow,  resulting  in  a  relatively  high  fall  from 
the  reservoir  water  level   to   the  water  surface  in 
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the  trough  This  flow  condition  is  illustrated  l>\ 
profile  li'  on  figure  198  Conversely,  if  a  control 
section  1-  established  downstream  from  the  Bide 
channel  trough  to  increase  the  upstream  depths, 
the  channel  can  be  made  to  How  at  the  Bubcritical 
stage.  Velocities  at  this  Btage  will  be  less  than 
critical  ami  the  greater  depths  will  result  in  a 
smaller  drop  from  the  reservoir  water  Burface  to 

the  side  channel  water  BUrface  profile  The  con- 
dition of  llou   for  subcritical  depths  is  illustrated 

On  figure   198  l>\    water  surface  profile  A'. 

The  effect  of  the  fall  distance  from  the  reservoir 
to  the  channel  water  surface  for  each  type  of  How 
is  depicted  on  figure  198  B  It  can  be  seen  that 
for  the  subcritical  Btage,  the  incoming  How  will 
not  develop  high  transverse  velocities  because  of 

the  low  drop  before  it  meet-  the  channel  How.  thus 
effecting  a  good  diffusion  with  the  water  bulk  in 
the  trough,     Since  both  the  incoming  velocities 

and  the  channel  velocities  will  be  relatively  -low, 
a  faith  complete  intermingling  of  the  Hows  will 
lake  place,  thereby  producing  a  comparatively 
smooth  How  in  the  side  channel.  Where  the  chan- 
nel How  is  at  the  supercrit  ical  Btage,  the  channel 
velocities  will  be  high,  and  the  intermixing  of  the 
high-energy  transverse  How  with  the  channel 
Stream  will  be  rough  and  turbulent.  The  trans- 
verse Hows  will  tend  to  sweep  the  channel  How- 
to  the  far  side  of  the  channel,  producing  violent 
wave  action  with  attendant  vibrations.  It  is  thus 
evident  that  (lows  should  be  maintained  at  sub- 
critical  sta<;e  for  good  hydraulic  performance. 
This  can  be  achieved  by  establishing  a  control 
section  downstream  from  the  side  channel  trough. 
The  cross-sectional  shape  of  the  side  channel 
trough  will  be  influenced  by  the  overflow  crest 
on  the  one  side  and  by  the  bank  conditions  on 
the  opposite  side.  Because  of  turbulences  and 
vibrations  inherent  in  side  channel  How.  a  Bide 
channel  design  is  ordinarily  not  considered  except 
where  a  competent  foundation  such  as  rock  exia 
The  channel  sides  will,  therefore,  u-uall\  be  a 
concrete    lining    placed    on    a    slope    and    anchored 

directly  to  the  rock      A  trapezoidal  cross  section 

i-  the  one  most  often  employed  for  the  side  chan- 
nel trough.  The  width  of  such  a  channel  in 
relation  to  the  depth  should  be  considered.  If 
the  width  to  depth  ratio  i<  large,  the  depth  of  How 
in  the  channel  will  be  shallow,  -miliar  to  that 
depicted  by  the  cross  section  abfg  on  figure  I! 
It  is  evident  that  for  this  condition  a  poor  diffusion 


286 
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(A)    SIDE    CHANNEL    PROFILE 
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Overflow  crest 


Woter  surfoce  A' 


Woter  surfoce  B' 


Supercnticol  flow 


(B)    SIDE    CHANNEL  CROSS   SECTION 

Figure  198.     Side  channel  flow  characteristics. 

of  the  incoming  flow  with  the  channel  flow  will 
result.  A  cross  section  with  a  minimum  width- 
depth  ratio  will  provide  the  best  hydraulic  per- 
formance, indicating  that  a  cross  section  approach- 
ing that  depicted  as  adj  on  the  figure  would  be 
the  ideal  choice  both  from  the  standpoint  of 
hydraulics  and  economy.  Minimum  bottom 
widths  are  required,  however,  to  avoid  construc- 
tion difficulties  due  to  confined  working  space. 
Furthermore,  the  stability  of  the  structure  and 
the  hillside  which  might  be  jeopardized  by  an 
extremely  deep  cut  in  the  abutment  must  also  be 
considered.  Therefore,  a  minimum  bottom  width 
must  be  selected  which  is  commensurate  with 
both  the  practical  and  structural  aspects  of  the 
problem. 


-Reservoir  woter  surface 


Practical  cross  section 


Minimum  bottom  width 


V 

d 

Figure  199.     Comparison  of  side  channel  cross  sections. 
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A  control  section  downstream  from  the  side 
channel  trough  is  achieved  by  constricting  the 
channel  sides  or  elevating  the  channel  bottom  to 
produce  a  point  of  critical  flow.  Flows  upstream 
from  the  control  will  be  at  the  subcritical  stage  and 
will  provide  a  maximum  of  depth  in  the  side 
channel  trough.  The  side  channel  bottom  and 
control  dimensions  are  then  selected  so  that  flow 
in  the  trough  opposite  the  crest  will  be  at  the 
greatest  depth  possible  without  submerging  the 
flow  over  the  crest.  Flow  in  the  discharge  channel 
downstream  from  the  control  will  be  the  same  as 
that  in  an  ordinary  channel  or  chute  type  spillway. 

(b)  Design  Example. — A  design  example  is 
provided  to  illustrate  the  procedures  for  deter- 
mining the  hydraulic  design  of  a  side  channel 
spillway  control  structure.  The  problem  is  to 
design  a  side  channel  spillway  100  feet  long  (sta- 
tion 0  +  00  to  station  1  +00)  to  discharge  a  maxi- 
mum of  2,000  second-feet.  The  spillway  crest 
is  at   elevation    1000.0.     The  discharge  per  foot 

of  length,   q,   is  equal    to  -^—=20  second-feet. 

Assuming    the     crest     coefficient,    C=3.6,    H0= 

(f)2/3=3-l  feet. 

For  the  side  channel  trough,  assume  a  trape- 
zoidal section  with  % :  1  side  slopes  and  a  bottom 
width  of  10  feet,  whose  rise  in  bottom  profile  is 
1.0  foot  in  the  100  feet  of  channel  length.  (The 
slope  of  the  channel  profile  is  arbitrary;  however,  a 
relatively  flat  slope  will  provide  greater  depths 
and  slower  velocities  and  consequently  will  insure 
better  intermingling  of  flows  at  the  upstream  end 
of  the  channel  and  avoid  the  possibility  of  acceler- 
ating or  supercritical  flows  occurring  in  the  channel 
for  smaller  discharges.)  Also,  assume  that  a  con- 
trol section  is  placed  downstream  from  the  side 
channel  trough  with  its  bottom  at  the  same  eleva- 
tion as  the  bottom  of  the  side  channel  floor  at  the 
downstream  end,  and  that  a  transition  is  made 
from  the  )i :  1  slopes  of  the  trough  section  to  a  rec- 
tangular section  at  the  control.  Arbitrarily 
assume  a  datum  for  the  control  section  bottom  at 
elevation  100.0. 

Then,  the  critical  depth,  dc,  for  flow  at  the  con- 
trol is. 


de 
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Assume  a  transition  loss  from  the  end  <>f  the 
side  channel  trough  to  the  control  section  (to  pro- 
vide for  losses  due  to  contraction,  to  diffusion  of 
the  flows  which  were   not   effected   m   the  side 

channel  proper,  and  to  friction  losses)  equal  to  0.2 

of  the  difference  in  velocity    beads  between  the 

ends  of  the  transition.  The  How  characteristics 
at  the  downstream  end  of  the  side  channel  arc 
obtained  from  Bernoulli's  theorem  (appendix  B). 
For  figure  201).  Bernoulli's  theorem  may  he 
written  as  follows: 

d  ,HX»+^r(1+00)=rfc  +  ',r,  +  0.2(7lrc-/!P(1+0()1) 

This  expression  must  he  solved  by  trial  and  error. 
First,   assume   a    value   of   diX+00),   and   solve   for 


Tolerable  crest  submergence  2  0' 

Side  channel  crest   l 

Reservoir  water  surface   Ei  1003 


100' 
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If   the   1186  of   these   \  allies  does   not    I'e-ult 

iii   n   balanced   equation,  a   new    value  must   he 
assumed  for  </,.„,,  and  the  process  repeated.      \ 

value  of  16.34  feel  for  d  , was  found  to  satisfy 

the  equal  ion  as  follow  - 

For   d  ,  ...,.       16  3  1.    the    ana    of    Mow    at    station 

i  •  on  m  the  trapezoidal  cross  Bection  with  10-foot 

bottom    vsidth    and     ' ..  :  1    side    slopes      297    -quale 

IVrl 


'(1  +  00) 


•_".I7 


6.73   feet    per  second 


(''A'      0.70  fool 

64.4 


/,,  0.2(5.37     D.70)     0.93  foot 


K 

0.2  h 

Substituting  the  values  in  the  equation: 

16.34     0.70     ml 7:.  I  5.37  •  0  93 

17.04       17.0;")  (A  satisfactory  check). 

With  the  hydraulic  properties  of  the  side  chan- 
nel at  station  1  |  00  determined,  the  water  surface 
profile  along  the  side  channel  trough  can  be 
determined  from  equation  (1.")).  The  trial-and- 
error  computations  are  shown  in  table  20.  The 
resulting  water  surface  profile  is  shown  on  figure 
200. 


Equation,  Reservoir   El  1002.0=  Channel  W.S .El.  H7.7 
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Figurt  200.      Example  of  hydraulic  design  for  side  channel  spillway. 
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Table  20. — Side  channel  spillway  computations 
[Q=2,000  second-feet.     Bottom  width  =  10  feet.    Side  slopes  =  }^ :  1 .     Bottom  slope  =  l  foot  in  100  feet] 


Station 
(1) 

Ax 
(2) 

Eleva- 
tion 
bottom 

(3) 

Trial 
Ay 

(4) 

Water 
surface 
eleva- 
tion 

(5) 

d 

(6) 

A 

(7) 

Q 

(8) 

V 

(9) 

Q1+Q2 

(10) 

Qi 

SKQ.+Q2) 

(11) 

!>I+!>2 

(12) 

(13) 

(H) 

Qi-Qt 

t>s(Q2-Qi) 

(13)  +  (16) 
(17) 

Ay=(U) 
X(12)X(17) 

(18) 

Remarks 

(19) 

(15) 

(16) 

1+00 

100.0 

116.34 

16.34 

297 

2.000 

6.73 

0+75 

25 

100.25 

1.00 
.62 

117.34 
116.96 

17.09 
16.71 

317 
307 

1,500 

4.73 
4.89 

3,500 

0.  01332 

11.46 
11.62 

2.00 
1.84 

500 

0.333 

2.24 

4.24 
4.08 

0.64 
.63 

Too  low. 
OK. 

0+50 

25 

100.50 

.50 
.42 

117.46 
117.38 

16.96 
16.88 

313 
311 

1,000 

3.19 
3.22 

2,500 

. 01244 

8.08 
8  11 

1.70 
1.67 

500 

.50 

2.44 

4.14 
4.11 

.42 

.41 

Too  low. 
OK. 

0+25 

25 

100.75 

.30 
.24 

117.  68 
117.  62 

16.93 
16.87 

313 

311 

500 

1.60 
1.61 

1,500 

.01036 

4.82 
4.83 

1.62 
1.61 

500 

1.00 

3.22 

4.84 
4.83 

.24 
.24 

Too  low. 
OK. 

0+10 

15 

100.90 

.10 
.07 

117.  72 
117.69 

16.82 
16.79 

310 
309 

200 

.64 
.65 

700 

.00888 

2.25 
2.26 

.97 
.96 

300 

1.50 

2.41 

3.38 
3.37 

.07 
.07 

Too  low. 
OK. 

The  channel  profile  is  next  fitted  to  the  crest 
datum  by  relating  the  water  surface  profile  to  the 
reservoir  water  level.  In  order  to  obtain  the 
assumed  crest  coefficient  value  of  3.6,  excessive 
submergence  of  the  overflow  must  be  avoided. 
If  it  is  assumed  that  a  maximum  of  two-thirds 
submergence  at  the  upstream  end  of  the  channel 
can  be  tolerated,  the  maximum  water  surface  level 
in  the  channel  will  be  %  H0  above  the  crest,  or 
elevation  1002.0.  Then  at  station  0  +  10,  the 
channel  datum  water  surface  level  elevation  117.7 
will  become  elevation  1002.0,  placing  the  channel 
floor   level   for   station   0  +  00    at   approximately 


elevation  985.3,  and  for  station  1+00  at  approxi- 
mately elevation  984.3. 

The  design  of  the  side  channel  control  structure 
would  be  completed  by  designing  the  uncontrolled 
ogee  crest  by  the  methods  shown  in  section  191, 
in  order  to  obtain  the  crest  coefficient  value  of  3.6 
which  was  assumed. 

Variations  in  the  design  can  be  made  by  assum- 
ing different  bottom  widths,  different  channel 
slopes,  and  varying  control  sections.  A  proper 
and  economical  design  can  usually  be  achieved 
after  comparing  several  alternatives. 


D.    HYDRAULICS  OF  FREE-FLOW  DISCHARGE  CHANNELS 


196.  General. — Discharge  generally  passes 
through  the  critical  stage  in  the  spillway  control 
structure  and  enters  the  discharge  channel  as 
supercritical  or  shooting  flow.  To  avoid  a  hy- 
draulic jump  below  the  control,  the  flow  must 
remain  at  the  supercritical  stage  throughout  the 
length  of  the  channel.  The  flow  in  the  channel 
may  be  uniform  or  it  may  be  accelerated  or 
decelerated,  depending  on  the  slopes  and  dimen- 
sions of  the  channel  and  on  the  total  drop.  Where 
it  is  desired  to  minimize  the  grade  to  reduce 
excavation  at  the  upstream  end  of  a  channel,  the 
flow  might  be  uniform  or  decelerating,  followed 
by  accelerating  flow  in  the  steep  drop  leading  to 
the  downstream  river  level.  Flow  at  any  point 
along  the  channel  will  depend  upon  the  specific 


energy,  (d-\-hv),  available  at  that  point.  This 
energy  will  equal  the  total  drop  from  the  reservoir 
water  level  to  the  floor  of  the  channel  at  the  point 
under  consideration,  less  the  head  losses  accumu- 
lated to  that  point.  The  velocities  and  depths  of 
flow  along  the  channel  can  be  fixed  by  selecting  the 
grade  and  the  cross-sectional  dimensions  of  the 
channel. 

The  velocities  and  depths  of  free  surface  flow 
in  a  channel,  whether  an  open  channel,  a 
conduit,  or  a  tunnel,  conform  to  the  principle  of 
the  conservation  of  energy  as  expressed  by  the 
Bernoulli's  theorem,  which  states:  "The  absolute 
energy  of  flow  at  any  cross  section  is  equal  to  the 
absolute  energy  at  a  downstream  section  plus 
intervening    losses    of    energy."     As    applied    to 
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figure  201   tln^  relationship  can  be  expressed  us 
follows 


\/.    ,/,  •  /-,,    </.  •  /<..  •  &hi 


,17, 


When  tin-  channel  grades  are  doI  too  Bteep,  for 
practical  purposes  the  normal  depth  </„  can  be 
considered  equal  to  t h«-  vertical  depth  <l.    The 

term  AhL  includes  all  losses  which  occur  in  the 
reach  of  channel,  such  as  friction,  turbulence, 
impact,  and  transition  losses.  Since  in  most 
channels  changes  are  made  gradually,  ordinarily 
nil  losses  except  those  due  to  friction  can  he 
neglected.  The  friction  loss  can  then  he  expressed 
as 

AftL  =  s.AL  (IS) 

where  $  is  the  average  friction  slope  expressed  by 


Reservoir    Water  Surface 


either  the  ("he/.y  or  the  Manning  formula.     For 

the    reach    A/.,    the    head    loSS    can    he    expressed    S8 

Alt,    (     .,     )  a/.      Prom   the   Manning  formula 
(equation  (30),  appendix  B),  a    (  (   . 
The  coefficient  of  roughness,  n.  will  depend  on 

the  nature  of  the  channel  surface.  For  conserva- 
tive design  the  frictional  h>s>  should  he  maximized 
when    evaluating    depths    of    How    and    minimized 

when  evaluating  the  energy  content  of  the  flow. 
For  determining  depths  of  flow  in  a  concrete-lined 

channel,  a  value  of  n  of  ahout  0.018  should  he 
assumed  in  order  to  account  for  air  swell,  wave 
action,  etc.     For  determining  specific  energies  of 

flow  needed  for  designing  the  dissipating  device, 
a  value  of  n  of  ahout  0.008  should  he  assumed. 


-Datum   Line 


Figure  207.      Flow  in  open  channels. 
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Where  only  rough  approximations  of  depths 
and  velocities  of  flow  in  a  discharge  channel  are 
desired,  the  total  head  loss  ~Z(AhL)  to  any  point 
along  the  channel  might  be  expressed  in  terms  of 
the  velocity  head.  Thus,  at  any  section  the 
relationship  can  be  stated:  Reservoir  water  surface 
elevation  minus  floor  grade  elevati~  "=</+/!, „+ 
Kh„.  For  spillways  with  small  drops',  K  can  be 
assumed  as  approximately  0.2  for  determining 
depths  of  flow  and  0.1  or  less  for  evaluating  the 
energy  of  flow.  Rough  approximations  of  losses 
can  also  be  obtained  from  figure  B-5  (app.  B). 

197.  Open  Channels. — (a)  Profile. — The  profile 
of  an  open  channel  is  usually  selected  to  conform 
to  topographic  and  geologic  site  conditions.  It  is 
generally  defined  as  straight  reaches  joined  by 
vertical  curves.  Sharp  convex  and  concave  verti- 
cal curves  should  be  avoided  to  prevent  unsatis- 
factory flows  in  the  channel.  Convex  curves 
should  be  flat  enough  to  maintain  positive  pres- 
sures and  thus  avoid  the  tendency  for  separation 
of  the  flow  from  the  floor.  Concave  curves 
should  have  a  sufficiently  long  radius  of  curvature 
to  minimize  the  dynamic  forces  on  the  floor 
brought  about  by  the  centrifugal  force  which 
results  from  a  change  in  the  direction  of  flow. 

To  avoid  the  tendency  for  the  water  to  spring 
away  from  the  floor  and  thereby  reduce  the  surface 
contact  pressure,  the  floor  shape  for  convex 
curvature  should  be  made  substantially  flatter 
than  the  trajectory  of  a  free-discharging  jet 
issuing  under  a  head  equal  to  the  specific  energy 
of  flow  as  it  enters  the  curve.  The  curvature 
should  approximate  a  shape  defined  by  the 
equation: 

x2 

—y=x  tan  8-\-  T„A/J  ,  ,  x j-^  (19) 

*  K[4(d+hv)  cos2  8] 

where  8  is  the  slope  angle  of  the  floor  upstream 
from  the  curve.  Except  for  the  factor  K,  the 
equation  is  that  of  a  free-discharging  trajectory 
issuing  from  an  inclined  orifice.  To  assure  posi- 
tive pressure  along  the  entire  contact  surface  of 
the  curve,  if  should  be  equal  to  or  greater  than  1.5. 
For  the  concave  curvature,  the  pressure  exerted 
upon  the  floor  surface  by  the  centrifugal  force 
of  the  flow  will  vary  directly  with  the  energy  of 
the  flow  and  inversely  with  the  radius  of  curva- 
ture. An  approximate  relationship  of  these  cri- 
teria can  be  expressed  in  the  equations: 


R=2-V  or  R= 


2dr 


(20) 


P  P 

where: 

i?=the  minimum  radius  of  curvature  measured 

in  feet, 
9  =  the    discharge    in    second-feet    per    foot    of 

width, 
»=the  velocity  in  feet  per  second, 
d=the  depth  of  flow  in  feet,  and 
p  =  ihe  normal  dynamic  pressure  exerted  on  the 
floor,  in  pounds  per  square  foot. 
An  assumed  value  of  p  =  l00  will  normally  produce 
an  acceptable  radius;  however,  in  no  event  should 
the  radius  be  less  than  lOd.     For  the  reverse  curve 
at  the  lower  end  of  the  ogee  crest,  radii  of  not  less 
than  bd  have  been  found  acceptable. 

(b)  Convergence  and  Divergence . — The  best  hy- 
draulic performance  in  a  discharge  channel  is 
obtained  when  the  confining  sidewalls  are  parallel 
and  the  distribution  of  flow  across  the  channel 
is  maintained  uniform.  However,  economy  may 
dictate  a  channel  section  narrower  or  wider  than 
either  the  crest  or  the  terminal  structure,  thus 
requiring  converging  or  diverging  transitions  to 
fit  the  various  components  together.  Sidewall 
convergence  must  be  made  gradual  to  avoid  cross 
waves,  "ride  ups"  on  the  walls,  and  uneven  dis- 
tribution of  flow  across  the  channel.  Similarly, 
the  rate  of  divergence  of  the  sidewalk  must  be 
limited  or  else  the  flow  will  not  spread  to  occupy 
the  entire  width  of  the  channel  uniformly,  which 
will  result  in  undesirable  flow  conditions  at  the 
terminal  structure. 

The  inertial  and  gravitational  forces  of  stream- 
lined kinetic  flow  in  a  channel  can  be  expressed 

v 
bv  the  Froude  number  parameter,   -t=-     Vana- 

Mld 
tions  from  streamlined  flow  due  to  outside  inter- 
ferences which  cause  an  expansion  or  a  contraction 
of  the  flow  also  can  be  related  to  this  parameter. 
Experiments  have  shown  that  an  angular  varia- 
tion of  the  flow  boundaries  not  exceeding  that 
produced  by  the  equation, 


tan  a= 


3F 


(21) 


will  provide  an  acceptable  transition  for  either  a 

contracting  or  an   expanding  channel.      In   this 

v 
equation,  F=-=  and  a  is  the  angular  variation 


SPILLWAYS 

of  the  Bidewall  with  reaped  to  the  channel 
centerline;  p  and  d  are  the  averages  of  the  velocities 
and  depths  ui  tin'  beginning  ami  tit  the  end  of  the 
transition  Figure  202  is  a  nomograph  from  which 
the  tangenl  of  the  flare  angle  or  1 1 1  *  -  flare  angle 
in  degrees  tnaj  be  obtained  for  known  values  of 
depth  and  velocity  of  Mow  . 

Channel  Freeboard.  In  a  channel  con- 
ducting llow  iii  supercritical  Btage,  the  Burface 
roughness,  wave  action,  air  bulking  and  splu-h 
and  Bpra^i  are  related  to  the  velocity  and  energy 
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content  of  the  Mow    The  energy  per  fool  of  width, 

tilt,,  expressed  in  terms  of  p  and  </  i-    ,     therefo 

lit 

the  relationship  of  velocity  and  depth  to  the 
Mow  energy  also  can  be  expressed  in  terms  of 
r  and  \<l.  An  empirical  expression  based  on  this 
relationship  which  gives  a  reasonable  indication 
of  desirable  freeboard  values  i-,  a<  follows: 

Freeboard   (in  feel  l     2.0H  0.02 


E.     HYDRAULICS  OF  TERMINAL  STRUCTURES 


198.    Deflector     Buckets.      Where      the     spillway 

discharge  ma}  be  safely  delivered  directly  to  the 
river  without  providing  a  dissipating  or  stilling 
device,  the  jet  is  often  projected  beyond  the 
-tincture  by  a  deflector  bucket  or  lip.  Flow  from 
these  deflectors  leaves  the  structure  as  a  free- 
discharging  upturned  jel  and  falls  into  the  stream 
channel  sonic  distance  from  the  end  of  the  spill- 
wax.  The  path  the  jet  assumes  depends  on  the 
energy  of  How  available  at  the  lip  and  the  angle 
at   which    the  jet    haves   the   bucket. 

With  the  origin  of  the  coordinates  taken  at  the 
end  of  the  lip.  the  path  of  the  trajectory  is  given 
by  the  equation: 

V     iliiiifl-,.,      ,  ,  ,  v         ,,    ,  (23) 

A  (4  ■/     h      cos2  0}  y     ' 

whi 

0=the  angle  of  the  edge  of  the  lip  with    the 

horizontal,  and 

f\     a  factor,  equal  to  l  for  the  theoretical  jet. 

To  compensate  for  loss  of  energy  and  velocity 
reduction  due  to  the  eflfeel  of  air  resistance,  inter- 
nal turbulences,  and  disintegration  of  the  jet.  a 
value  for  A'  of  about  0.9  should  he  assume?. 

The  horizontal   range  of  the  jet    at    the  level  of 

the  lip  i-  obtained  by  making  y  in  equation  (23 
equal  to  zero.     Then: 

%     4K(d  ■  I,      tan  6  cos-  e 
IK   .i    I,     sin  26 

The  maximum  value  of  s  will  be  equal  to  _'A 
('/  when  "  i-  I.".       However,  the  angle  of 

tin-  lip  is  influenced  by  the  bucket  radius  and  the 


height   of  the  lip   above   the   bucket    invert;  ordi- 
narily the  exit   angle  is  limited   to  not    more  than 

30°. 

The  bucket  radius  should  be  made  long  enough 
to  maintain  concentric  Mow  as  the  water  moves 
around  the  curve.  The  rate  of  curvature  must 
be  limited  similar  to  that  of  a  vertical  curve  in  a 
discharge  channel  (sec.  197),  so  that  the  floor 
pressures  will  not  alter  the  streamline  distribution 
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Figure  202.      Flare   angle   for  divergent  or  convergent   channels. 
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of  the  flow.  The  minimum  radius  of  curvature 
can  be  determined  from  equation  (20),  except  that 
values  of  p  not  exceeding  500  pounds  per  square 
foot  will  produce  values  of  the  radius  which  have 
proved  satisfactory  in  practice.  However,  the 
radius  should  not  be  less  than  five  times  the  depth 
of  water.  Structurally,  the  cantilever  bucket 
must  be  of  sufficient  strength  to  withstand  this 
normal  dynamic  force  in  addition  to  the  other 
applied  forces. 

199.  Hydraulic  Jump  Basins. — (a)  General. — 
Where  the  energy  of  flow  in  a  spillway  must  be 
dissipated  before  the  discharge  is  returned  to  the 
downstream  river  channel,  the  hydraulic  jump 
basin  is  an  effective  device  for  reducing  the  exit 
velocity  to  a  tranquil  state.  The  jump  which 
will  occur  in  a  stilling  basin  has  distinctive  char- 
acteristics and  assumes  a  definite  form,  depending 
on  the  energy  of  flow  which  must  be  dissipated  in 
relation  to  the  depth  of  the  flow.  A  comprehen- 
sive series  of  tests  have  been  performed  by  the 
Bureau  of  Reclamation  [9]  for  determining  the 
properties  of  the  hydraulic  jump.  The  jump 
form  and  the  flow  characteristics  can  be  related 

v2 
to    the    kinetic    flow  factor,  —7,  of  the  discharge 

entering  the  basin;  to  the  critical  depth  of  flow, 
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dc;   or    to    the   Froude   number   parameter,   -==• 

Forms  of  the  hydraulic  jump  phenomena  for 
various  ranges  of  the  Froude  number  are  illus- 
trated on  figure  203. 

"When  the  Froude  number  of  the  incoming  flow 
is  equal  to  1.0,  the  flow  is  at  critical  depth  and  a 
hydraulic  jump  cannot  form.  For  Froude  num- 
bers from  1.0  up  to  about  1.7,  the  incoming  flow 
is  only  slightly  below  critical  depth,  and  the 
change  from  this  low  stage  to  the  high  stage  flow 
is  gradual  and  manifests  itself  only  by  a  slightly 
ruffled  water  surface.  As  the  Froude  number 
approaches  1.7,  a  series  of  small  rollers  begin  to 
develop  on  the  surface,  which  become  more 
intense  with  increasingly  higher  values  of  the 
number.  Other  than  the  surface  roller  phenom- 
ena, relatively  smooth  flows  prevail  throughout 
the  Froude  number  range  up  to  about  2.5.  Still- 
ing action  for  the  range  of  Froude  numbers  from 
1.7  to  2.5  is  designated  as  form  A  on  figure  203. 

For  Froude  numbers  between  2.5  and  4.5  an 
oscillating  form  of  jump  occurs,  the  entering  jet 
intermittently  flowing  near  the  bottom  and  then 


F,  BETWEEN     1.7    AND    2.5 
FORM    A  -   PREJUMP    STAGE 


Oscillating  jet 


F,  BETWEEN    2.5    AND   4.5 
FORM   B-  TRANSITION    STAGE 


F,  BETWEEN    4.5    AND    9.0 
FORM  C  -  RANGE    OF   WELL-BALANCED   JUMPS 


F,   HIGHER    THAN    9.0 

FORM  D-  EFFECTIVE    JUMP    BUT 

ROUGH    SURFACE   DOWNSTREAM 

Figure  203.     Characteristic  forms  of  hydraulic  jump  related  to 
the  Froude  number. 


along  the  surface  of  the  downstream  channel. 
This  oscillating  flow  causes  objectionable  surface 
waves  which  carry  considerably  beyond  the  end 
of  the  basin.  The  action  represented  through  this 
range  of  flows  is  designated  as  form  B  on  figure  203. 

For  the  range  of  Froude  numbers  for  the  incom- 
ing flow  between  4.5  and  9,  a  stable  and  well- 
balanced  jump  occurs.  Turbulence  is  confined  to 
the  main  body  of  the  jump,  and  the  water  surface 
downstream  is  comparatively  smooth.  As  the 
Froude  number  increases  above  9,  the  turbulence 
within  the  jump  and  the  surface  roller  becomes 
increasingly  active,  resulting  in  a  rough  water 
surface  with  strong  surface  waves  downstream 
from  the  jump.  Stilling  action  for  the  range  of 
Froude  numbers  between  4.5  and  9  is  designated 
as  form  C  on  figure  203,  and  that  above  9  is 
designated  as  form  D. 

Figure  204  plots  relationships  of  conjugate 
depths  and  velocities  for  the  hydraulic  jump  in  a 
rectangular  channel.     Also  indicated  on  the  figure 
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Figure  204.      Relations  between  variables  in  hydraulic  jump  for  rectangular  channel. 
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are   the   ranges   for   the   various   forms   of  jump 
described  above. 

(b)  Basin  Design  in  Relation  to  Froude  Num- 
bers.— Stilling  basin  designs  suitable  to  provide 
stilling  action  for  the  various  forms  of  jump  are 
described  as  follows: 

(1)  Basins  for  Froude  numbers  less  than  1.7. — 
For  a  Froude  number  of  1.7  the  conjugate  depth 
d2  is  about  twice  the  incoming  depth,  or  about  40 
percent  greater  than  the  critical  depth.  The  exit 
velocity  v2  is  about  one-half  the  incoming  velocity, 
or  30  percent  less  than  the  critical  velocity.  No 
special  stilling  basin  is  needed  to  still  flows  where 
the  incoming  flow  Froude  factor  is  less  than  1.7, 
except  that  the  channel  lengths  beyond  the  point 
where  the  depth  starts  to  change  should  be  not 
less  than  about  4(/2.  No  baffles  or  other  dissipating 
devices  are  needed. 

(2)  Basins  for  Froude  numbers  between  1.7  and 
2.5. — Flow  phenomena  for  basins  where  the  in- 
coming flow  factors  are  in  the  Froude  number 
range  between  1.7  and  2.5  will  be  in  the  form 
designated  as  the  prejump  stage,  as  illustrated  on 
figure  203.  Since  such  flows  are  not  attended  by 
active  turbulence,  baffles  or  sills  are  not  required. 
The  basin  should  be  sufficiently  long  to  contain 
the  flow  prism  while  it  is  undergoing  retardation. 
Conjugate  depths  and  basin  lengths  shown  in 
figure  B-15  (app.  B)  will  provide  acceptable 
basins. 

(3)  Basins  jor  Froude  numbers  between  2.5  and 
4-5. — Jump  phenomena  where  the  incoming  flow 
factors  are  in  the  Froude  number  range  between 
2.5  and  4.5  are  designated  as  transition  flow 
stage,  since  a  true  hydraulic  jump  does  not  fully 
develop.  Stilling  basins  to  accommodate  these 
flows  are  the  least  effective  in  providing  satis- 
factory dissipation,  since  the  attendant  wave 
action  ordinarily  cannot  be  controlled  by  the 
usual  basin  devices.  Waves  generated  by  the 
flow  phenomena  will  persist  beyond  the  end  of 
the  basin  and  must  often  be  dampened  by  means 
apart  from  the  basin. 

Where  a  stilling  device  must  be  provided  to 
dissipate  flows  for  this  range  of  Froude  number, 
the  basin  shown  on  figure  205,  which  is  designated 
as  type  I  basin,  has  proved  to  be  relatively  effective 
for  dissipating  the  bulk  of  the  energy  of  flow. 
However,  the  wave  action  propagated  by  the 
oscillating  flow  cannot  be  entirely  dampened. 
Auxiliary  wave  dampen ers  or  wave  suppressors 


must  sometimes  be  employed  to  provide  smooth 
surface  flow  downstream. 

Because  of  the  tendency  of  the  jump  to  sweep 
out  and  as  an  aid  in  suppressing  wave  action,  the 
water  depths  in  the  basin  should  be  about  10  per- 
cent greater  than  the  computed  conjugate  depth. 

Often  the  need  for  utilizing  this  type  of  basin  in 
design  can  be  avoided  by  selecting  stilling  basin 
dimensions  which  will  provide  flow  conditions 
which  fall  outside  the  range  of  transition  flow. 
For  example,  with  an  800-second-foot  capacity 
spillway  where  the  specific  energy  at  the  upstream 
end  of  the  basin  is  about  15  feet  and  the  velocity 
into  the  basin  is  about  30  feet  per  second,  the 
Froude  number  will  be  3.2  for  a  basin  width  of 
10  feet.  The  Froude  number  can  be  raised  to 
4.6  by  widening  the  basin  to  20  feet.  The  selec- 
tion of  basin  width  then  becomes  a  matter  of 
economics  as  well  as  hydraulic  performance. 

(4)  Basins  for  Froude  numbers  higher  than  4-5. — 
For  basins  where  the  Froude  number  value  of  the 
incoming  flow  is  higher  than  4.5,  a  true  hydraulic 
jump  will  form.  The  elements  of  the  jump  vary 
according  to  the  Froude  number  as  shown  on  fig- 
ure B-15  (app.  B).  The  installation  of  accessory 
devices  such  as  blocks,  baffles,  and  sills  along  the 
floor  of  the  basin  produce  a  stabilizing  effect  on 
the  jump,  which  permits  shortening  the  basin  and 
provides  a  factor  of  safety  against  sweep-out  due 
to  inadequate  tailwater  depth. 

The  basin  shown  on  figure  206,  which  is  desig- 
nated as  a  type  II  basin,  can  be  adopted  where 
incoming  velocities  do  not  exceed  50  feet  per  sec- 
ond. This  basin  utilizes  chute  blocks,  impact 
baffle  blocks,  and  an  end  sill  to  shorten  the  jump 
length  and  to  dissipate  the  high-velocity  flow 
within  the  shortened  basin  length.  This  basin 
relies  on  dissipation  of  energy  by  the  impact 
blocks  and  also  on  the  turbulence  of  the  jump 
phenomena  for  its  effectiveness.  Because  of  the 
large  impact  forces  to  which  the  baffles  are  sub- 
jected by  the  impingement  of  high  incoming  veloc- 
ities and  because  of  the  possibility  of  cavitation 
along  the  surfaces  of  the  blocks  and  floor,  the  use 
of  this  basin  must  be  limited  to  heads  where  the 
velocity  does  not  exceed  50  feet  per  second. 

Cognizance  must  be  taken  of  the  added  loads 
placed  upon  the  structure  floor  by  the  dynamic 
force  brought  against  the  upstream  face  of  the 
baffle  blocks.  This  dynamic  force  will  approxi- 
mate that  of  a  jet  impinging  upon  a  plane  normal 
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to  tli«'  direction  of  flow.  The  force,  in  pounds  per 
square  foot,  ina \    be  BXPTOaiod  by  the  formula: 

Force       2v>A(dl  \-hvJ 

where: 

IP        the  unit  weight  of  water, 

.1  the  area  of  the  upstream  face  of  the  Mock, 

and 

(dt-f  /'«',)       the  specific  energy  of  the  How  enter- 
ing the  basin. 

Negative  pressure  on  the  hack  face  of  the  blocks 
will  further  increase  the  total  load.  !lowe\er, 
since  the  baffle  blocks  are  placed  a  distance  equal 
to  I)  N./_.  beyond  the  start  of  the  jump,  there  will 
he  some  cushioning  effect  by  the  time  the  incom- 
ing jet    reaches    the    blocks   and    the    force   will    he 

less  than  that  indicated  by  the  above  equation. 

If  the  full  force  computed  by  equation  (24)  is  used, 

the  negative  pressure  force  may  he  neglected. 
Where  incoming  velocities  exceed   ")()  feet    per 

second,  or  where  impact  baffle  Mocks  are  not  em- 
ployed, the  basin  designated  as  type  III  on  figure 
207  can  lie  adopted.  Because  the  dissipation  is 
accomplished  primarily  by  hydraulic  jump  action, 
the  basin  length  will  be  greater  than  that  indicated 
for  the  type  II  basin.  However,  the  chute  Mocks 
and  dentated  end  sill  will  still  be  effective  in  re- 
ducing the  length  from  that  which  would  he  neces- 
sary if  they  were  not  used.  Because  of  the  re- 
duced margin  of  safety  against  sweep-out,  the 
water  depth  in  the  basin  should  be  about  5  percent 
greater  than  the  computed  conjugate  depth, 
(c)  Rectangular  Versus  Trapezoidal  Stilling  Ba- 
-  The  utilization  of  a  trapezoidal  stilling  basin 
in  lieu  of  a  rectangular  basin  may  often  be  pro- 
posed where  economy  favors  sloped  side  lining 
over  vertical  wall  construction.  Model  tests 
have  shown,  however,  that  the  hydraulic  jump 
action  in  a  trapezoidal  basin  is  much  less  complete 
and  less  stable  than  it  is  in  the  rectangular  basin. 
In  the  trapezoidal  basin  the  water  in  the  triangu- 
lar areas  along  the  sides  of  the  basin  adjacent  to 
the  jump  is  not  opposed  by  the  incoming  high- 
velocity  jet.  The  jump,  which  tends  to  occur 
vertically,  cannot  spread  sufficiently  to  occupy  the 
side  areas  (  onsequently,  the  jump  will  form 
only  in  the  central  portion  of  the  basin,  while 
areas  along  the  outside  will  be  occupied  by  up- 
stream-moving flows  which  ravel  off  the  jump  or 
come  from  the  lower  end  of  the  basin.  The  eddv 
or    horizontal    roller    action    resulting    from    this 


phenomenon  tends  to  interfere  and  interrupt  the 
jump  action  to  the  extent  that  there  is  incomplete 
dissipation  of  the  energy  and  severe  -coining  can 

occur    beyond    the    basin.     For   good    hydraulic 

performance,  the  sidewalls  of  a  stilling  basin  should 

he  vertical  or  as  near  vertical  as  is  practicable. 

(d)  Basin  Depths  Versus  Hydraulic  II*<ufo. — 
The  nomograph  shown  on  figure  208  will  aid  in 
determining  approximate  basin  depths  for  various 
basin    widths   and    for   various  differences  between 

reservoir    and    tailwater    levels.     Plottings    are 

shown  for  the  condition  of  no  loss  of  head  to  the 
upstream  end  of  the  stilling  basin,  and  for  10,  20, 
and  .'{()  percent  loss.  (These  plot  tings  are  shown 
On    the    nomographs    as    scales    A,    B,    (',    and    D, 

respectively.)  The  required  conjugate  depths, 
</_,,  will  depend  on  the  specific  energy  available  at 

the  entrance  of  the  basin,  as  determined  by  the 
procedure  discussed  in  section  196.  Where  the 
specific  energy  is  known,  the  head  loss  in  the 
channel  upstream  can  be  related  to  the  velocity 
head,  the  percentage  loss  can  be  determined,  and 
the  approximate  conjugate  depth  can  be  read 
from  the  nomograph.  Where  head  losses  have 
not  been  computed,  a  quick  approximation  of  the 
head  losses  can  be  obtained  from  figure  B-5 
(app.  B).  Where  only  a  rough  determination  of 
basin  depths  is  needed,  the  choice  of  the  loss  ot  be 
applied  for  various  spillway  designs  may  be 
generalized  as  follows: 

(1)  For  a  design  of  an  overflow  spillway 
where  the  basin  is  directly  downstream  from 
the  crest,  or  where  the  chute  is  not  longer  than 
the  hydraulic  head,  consider  no  loss  of  head. 

(2)  For  a  design  of  a  channel  spillway  whore 
the  channel  length  is  between  one  and  five 
times  the  hydraulic  head,  consider  10  percent 
loss  of  head. 

i'.i)   For  a  design  of  a  spillway  where  the 
channel    length    exceeds    five    times    the    hy- 
draulic head,  consider  20  percent  loss  of  head. 
The  nomograph   on   figure  208  gives  values  of 
the    conjugate    depth     of    the    hydraulic    jump. 
Tailwater  depths  for  the   various   types  of  basin 
described    in   section    199  should   be   increased   as 
noted  in  that  section. 

(e)  Tailwater  Considerations,  Determination  of 
the  tailwater  rating  curve,  which  gives  the  stage- 
discharge  relationship  of  the  natural  stream  below 
the  dam.  is  discussed  in  appendix  B.  part  B. 
Tailwater   rating   curves    for   the    regime   of   river 
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Figure  207.     Stilling  basin  characteristics  for  Froude  numbers  above  4.5. 
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below  a  dam  are  fixed  by  the  natural  conditions 
along  the  stream  and  ordinarily  cannot  be  altered 
by  the  spillway  design  or  by  the  release  character- 
istics. As  discussed  in  section  185(d),  retrogres- 
sion or  aggradation  of  the  river  below  the  dam, 
which  will  affect  the  ultimate  stage-discharge 
conditions,  must  be  recognized  in  selecting  the 
tailwater  rating  curve  to  be  used  for  stilling  basin 
design.  Usually  river  flows  which  approach  the 
maximum  design  discharges  have  never  occurred, 
and  an  estimate  of  the  tailwater  rating  curve  must 
either  be  extrapolated  from  known  conditions  or 
computed  on  the  basis  of  assumed  or  empirical 
criteria.  Thus,  the  tailwater  rating  curve  at  best 
is  only  approximate,  and  factors  of  safety  to 
compensate  for  variations  in  tailwater  must  be 
included  in  the  design. 

For  a  jump-type  stilling  basin,  downstream 
water  levels  for  various  discharges  must  conform 
to  the  tailwater  rating  curve,  and  the  basin  floor 
level  must  therefore  be  selected  to  provide  jump 
depths  which  most  nearly  agree  with  the  tailwater 
depths.  For  a  given  basin  design,  the  tailwater 
depth  for  each  discharge  seldom  corresponds  to 
the  conjugate  depth  needed  to  form  a  perfect  jump. 
Thus,  the  relative  shapes  and  relationships  of  the 
tailwater  curve  to  the  depth  curve  will  determine 
the  required  minimum  depth  to  the  basin  floor. 
This  is  illustrated  on  figure  209.  The  tailwater 
rating  curve  is  shown  in  (A)  as  curve  1,  and  a 
conjugate  depth  versus  discharge  curve  for  a  basin 
of  certain  width  is  represented  by  curve  3.  Since 
the  basin  must  be  made  deep  enough  to  provide 
for  full  conjugate  depth  (or  some  greater  depth 
to  include  a  factor  of  safety)  at  the  maximum 
spillway  design  discharge,  the  curves  will  intersect 
at  point  D.  For  lesser  discharges  the  tailwater 
depth  will  be  greater  than  the  required  conjugate 
depth,  thus  providing  an  excess  of  tailwater  which 
is  conducive  to  the  formation  of  a  so-called  drowned 
jump.  (With  the  drowned  jump  condition,  in- 
stead of  achieving  good  jump-type  dissipation  by 
the  intermingling  of  the  upstream  and  downstream 
flows,  the  incoming  jet  plunges  to  the  bottom  and 
carries  along  the  entire  length  of  the  basin  floor  at 
high  velocity.)  If  the  basin  floor  is  made  higher 
than  indicated  by  the  position  of  curve  3  on  the 
figure,  the  depth  curve  and  tailwater  rating  curve 
will  intersect  to  the  left  of  point  D,  thus  indicating 
an  excess  of  tailwater  for  smaller  discharges  and 
a  deficiency  of  tailwater  for  higher  discharges. 


Figure  209.     Relationships  of  conjugate  depth  curves  to  tailwater 
rating  curves. 

As  an  alternative  to  the  selected  basin  which  is 
represented  by  curve  3,  a  wider  basin  might  be 
considered  for  which  the  conjugate  depth  curve  2 
will  apply.  This  design  will  provide  a  shallower 
basin,  in  which  the  ideal  jump  depths  will  more 
nearly  match  the  tailwater  depths  for  all  dis- 
charges. The  choice  of  basin  widths,  of  course, 
involves  consideration  of  economics,  as  well  as 
hydraulic  performance. 

Where  a  tailwater  rating  curve  shaped  similar 
to  that  represented  by  curve  4  on  figure  209(B)  is 
encountered,  the  level  of  the  stilling  basin  floor 
must  be  determined  for  some  discharge  other  than 
the  maximum  design  capacity.  If  the  tailwater 
curve  were  made  to  intersect  the  required  water 


SPILLWAYS 


301 


surface  elevation  «t  the  maximum  design  capacity  , 

n  figure  209(A),  there  would  be  insufficient 
tailwater  depth  for  most  smaller  dischargee.  In 
this  case  the  basin  floor  elevation  is  selected  so  that 
there  will  be  sufficient  tailwater  depth  for  all 
discharges  For  the  basin  of  width  11',  whose 
required  tailwater  depth  is  represented  by  curve 

he  position  of  the  floor  would  be  selected  bo 
thai  the  two  curves  would  coincide  at  the  discharge 
represented  l>\  pmnt  E  on  the  figure.  For  all 
other  discharges  the  tailwater  depth  will  be  in 
if  that  needed  for  forming  a  sat  isfacloi  \ 
jump  Similarly,  if  a  basin  width  of  2W  were 
considered,  the  basin  floor  level  would  be  selected 

hat  curve  6  would  intersect  the  tailwater  curve 
at  point  F.  Here  also,  the  selection  of  basin 
widths  should  be  based  on  economic  aspects  as 
well  as  hydraulic  performance. 

Where  exact  conjugate  depth  conditions  for 
forming  the  jump  cannot  be  attained,  the  question 
of  the  relative  desirability  of  having  insufficient 
tailwater  as  compared  to  having  excessive  tail- 
water  should  be  considered.  With  insuflicient 
tailwater  the  hack  pressure  will   be  deficient  and 

ep-out  of  the  basin  will  occur.  With  an  exc< 
of  tailwater  the  jump  will  be  formed  and  energy 
dissipation  within  the  basin  will  be  quite  complete 
Until  the  drowned  jump  phenomenon  becomes 
critical.  Chute  Mocks,  baffles,  and  end  sills  will 
further  assist  in  energy  dissipation,  even  with  a 
drowned  jump. 

f  Stilling  Basin  Freeboard. —  Freeboard  is  ordi- 
narily provided  s()  that  the  stilling  basin  walls  will 
not  he  overtopped  by  surges,  splash  and  spray, 
and  wave  action  set  up  by  the  turbulence  of  the 
jump.  The  surface  roughness  of  the  flow  is  re- 
lated to  the  energy  dissipated  in  the  jump  and  to 
the  depth  of  How  in  the  basin.  The  following 
empirical  expression  provides  values  which  have 
proved  to  he  satisfactory  for  most  basins: 

Freeboard  in  feet  =0.1  (»,  +<!,)  (25) 

200.  Submerged  Bucket  Dissipators. — When  the 
tailwater  depth  is  too  great  for  the  formation  of  a 
hydraulic  jump,  dissipation  of  the  high  energy  of 
flow  can  he  effected  by  the  use  of  a  submerged 
bucket  deflector.  The  hydraulic  behavior  in  this 
type  of  dissipator  is  manifested  primarily  by  the 
formation  of  two  rollers;  one  is  on  the  surface 
moving  counterclockwise  and  is  contained  within 
the  region  above  the  curved  bucket,  and  the  other 
is  a  ground  roller  moving  in  a  clockwise  direction 


and    is   situated    downstream    from    the   hud. 
The  movements  of  the  roller-,   along   with   the 
intermingling   of    the    incoming    flows,    effectively 
dissipate  the  high  energy  of  the  water  and  prevent 

excessive  scouring  downstream  from  the  bucket 

Two  t  \  pes  of  roller  buckel  have  been  developed 
and  model  tested  [10,  II]  Their  shape  and  di- 
mensional arrangements  are  shown  on  figure  210. 

The  general  nature  of  the  dissipating  action  for 
each  type  1-  represented  on  figure  211.  Hydraulic 
action  of  the  two  huckcts  has  the  same  character- 
istics, hut  distinctive  features  of  the  flow  differ  to 
the  extent  that  cadi  has  certain  limitations.  The 
high-velocity  flow  leaving  the  deflector  lip  of  the 
solid  bucket  is  directed  upward.  This  creates  a 
high  boil  on  the  water  surface  and  a  violent 
ground  roller  moving  clockwise  downstream  from 
the  bucket  This  ground  roller  continuously  pulls 
loose  material  back  towards  the  lip  of  the  bucket 
and  keeps  some  of  the  intermingling  material  in 
a  constant  state  of  agitation.  A  typical  scour 
pattern  which  results  from  this  action  is  shown  on 
figure  212.  In  the  slot  ted  bucket  the  high-velocity 
jet  leaves  the  lip  at  a  flatter  angle,  and  only  a  part 
of  the  high-velocity  flow  finds  its  way  to  the 
surface.  Thus,  a  less  violent  surface  boil  occurs 
and    there   is   a    better  dispersion   of  flow   in   the 


(A)  SOLID   BUCKET 


(B) SLOTTED  BUCKET 

Figure  210.     Submerged  buckets. 
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(A)      SOLID     TYPE     BUCKET 
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(B)    SLOTTED    TYPE    BUCKET 
Figure  211.     Hydraulic  action  in  solid  and  slotted  buckets. 

region  above  the  ground  roller  which  results  in  less 
concentration  of  high-energy  flow  throughout  the 
bucket  and  a  smoother  downstream  flow. 

Use  of  a  solid  bucket  dissipator  may  be  objec- 
tionable because  of  the  abrasion  on  the  concrete 
surfaces  caused  by  material  which  is  swept  back 
along  the  lip  of  the  deflector  by  the  ground  roller. 
In  addition,  the  more  turbulent  surface  roughness 
induced  by  the  severe  surface  boil  carries  farther 
down  the  river,  causing  objectionable  eddy  cur- 


Figure  212.  Scour  pattern  downstream  from  a  solid  bucket  dis- 
sipator for  an  ogee  overflow  crest — Murdock  Diversion  Dam 
in  Utah. 


rents   which   contribute   to   riverbank   sloughing. 
Although  the  slotted  bucket  provides  better  energy 
dissipation  with  less  severe  surface  and  streambed  • 
disturbances,  it  is  more  sensitive  to  sweep-out  at 
lower  tailwaters  and  is  conducive  to  a  diving  and 
scouring  action  at  excessive  tailwaters.     This  is 
not   the  case  with  the  solid  bucket.     Thus,   the 
tailwater  range  which  will  provide  good  perform- 
ance with  the  slotted  bucket  is  much  narrower 
than  that  of  the  solid  bucket.     A  solid  bucket  j 
dissipator  should  not  be  used  wherever  the  tail- 
water  limitations  of  the  slotted  bucket  can  be  met.  I 
Therefore,  only  the  design  of  the  slotted  bucket 
will  be  discussed. 

Flow  characteristics  of  the  slotted  bucket  are 
illustrated  on  figure  213.  For  deficient  tailwater 
depths  the  incoming  jet  will  sweep  the  surface 
roller  out  of  the  bucket  and  will  produce  a  high- 
velocity  flow  downstream,  both  along  the  water 
surface  and  along  the  riverbed.  This  action  is 
depicted  as  stage  (A)  on  figure  213.  As  the  tail- 
water  depth  is  increased,  there  will  be  a  depth  at 
which  instability  of  flow  will  occur,  where  sweep- 
out  and  submergence  will  alternately  prevail.  To 
obtain  continuous  operation  at  the  submerged 
stage,  the  minimum  tailwater  depth  must  be 
above  this  instable  state.  Flow  action  within  the 
acceptable  operating  stage  is  depicted  as  stage  (B) 
on  figure  213. 

When  the  tailwater  becomes  excessively  deep, 
the  phenomenon  designated  as  diving  flow  will 
occur.  At  this  stage  the  jet  issuing  from  the  lip 
of  the  bucket  will  no  longer  rise  and  continue  along 
the  surface  but  intermittently  will  become  de- 
pressed and  dive  to  the  riverbed.  The  position 
of  the  downstream  roller  will  change  with  the 
change  in  position  of  the  jet.  It  will  occur  at  the 
surface  when  the  jet  dives  and  will  form  along  the 
river  bottom  as  a  ground  roller  when  the  jet  rides 
the  surface.  Scour  will  occur  in  the  streambed  at 
the  point  of  impingement  when  the  jet  dives  but 
will  be  filled  in  b}T  the  ground  roller  when  the  jet 
rides.  The  characteristic  flow  pattern  for  the 
diving  stage  is  depicted  in  (C)  and  (D)  of  figure 
213.  Maximum  tailwater  depths  must  be  limited 
to  forestall  the  diving  flow  phenomenon. 

The  design  of  the  slotted  bucket  involves  deter- 
mination of  the  radius  of  curvature  of  the  bucket 
and  the  allowable  range  of  tailwater  depths. 
These  criteria,  as  determined  from  experimental 
results,  are  plotted  on  figure  214  in  relation  to  the 
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froude  number  parameter.     The  Froude  number 

values  are  for  flows  at  the  point  where  the  in- 
coming jet  enters  the  hueket.  S\  mbols  and 
criteria  are  defined  on  figure  '21"). 

201 .   Examples  of  Designs  of  a  Stilling  Basin  and  an 
Alternate     Submerged    Bucket    Dissipator.      The  de- 

pWrim  of  a  stilling  basin  and  of  a  submerged  bucket 
dissipator  are  l>rst  explained  by  means  of  ex- 
nnples     Consider  that   it    is  required   to  make 

comparative  designs  of  a  Stilling   hasin   and    of   a 

submerged  bucket  dissipator  for  an  overflow  dam 
■rhose  maximum  discharge  is  2,000  second-feet 

and  whose  controlling  dimensions  and  tallwater 
conditions  are  as  shown  on  figure  216. 

For  a  first  trial  design,  assume  a  crest  length  <>f 
H  feet.     The  criteria  for  different  discharges  are 

then  as  follow  s 

Total  discharge,  Q,  noond  feel  2.000 

Discharge  per  d»>t.  7,  second  feet 

Anmjih.iI  ooeffldent  ol  disebargi 

11.  id  In  feeton  crest,  //.    ( '.)  8.7 

ill  water  level,  elevation 

iter  level,  elevation  

oil  iratei  level  minus  tailwater  level, 
i.'.t 

bead  at   tallwater   leva],  A,,,   bat 

iiiiik  no  loss  of  specific  energy) 

Velodt)  o(  flow  In  feet  imt  second  at  tallwater 

level,  ri-  y'tyA,,  

Depth  ol  (low  in  feel  .it  tallwater  level,  d,— 


t, 


Fronde  ntunber  al  tallwater  level,  F,— 


Vffd. 


Bpeciflc  energy  at  tallwater  level,  rfi+A,,. 


.000 

1.000 

500 

100 

50 

25 

3  9 

3.7 

3.5 

8.7 

5.7 

3  7 

1001  7 

1001  7 

1003.  7 

BBI  0 

981 .0 

978.0 

23.7 

24.7 

25.7 

23  7 

24.7 

25.7 

39.1 

39.9 

40.7 

2.56 

1  25 

.61 

4.3 

6.3 

9.2 

26  3 

25.9 

26.3 

Table  21  shows  the  computations  for  a  hydraulic 
jump  hasin  design.  Conjugate  depths  and  the 
required  apron  elevation  for  the  various  discharges 

are  calculated  to  determine  the  critical  condition. 
The  lowest  apron  elevation  is  for  the  2,000- 
Becond-foot  discharge.  The  Fronde  number  of 
6.2  and  the  incoming  velocity  not  exceeding  50  feet 


per  second,  determine  that  the  type  II  stilling 
hasin  shown  on  figure  206  should  he  used  for  this 
design.  The  hasin  length  will  he  42  feet  and  the 
aprOD  elevation  will  he  968.3. 

For  the  submerged  slotted  bucket  design,  the 
minimum  bucket  radius  for  the  maximum  dis- 
charge is  determined  by  use  of  figure  214.  For  a 
Fronde  number  at  tailwater  level  of  4.3,  the  mini- 
mum   radius    is    o.42ir/.  ■  A, ,1  =  0.42X26.3=  1 1  n 

feet.  Ill  this  instance  the  riverbed  slopes  up, 
and  the  use  of  figure  214  results  in  the  following 

Toilvortr- 

Originol  chonnel   bed 


Toilwoter  below  mm. mum      Flow  sweeps  out 
STAGE   (A) 


Original   chonnet  bed 
Toilwoter 


Tailwater  below  overage  but   above   minimum 
W.th.n  normol    operating   range 

STAGE   (B) 


Onginol  chonnel    bed 
Toilwoter 


r^>ffer- 


Toilwoter  above  maximum    Flow   diving  Irom 
opron   scours   chonnel 

STAGE   (C)     0rigin0|  chonflei  Ded- 

Toilwo- 


Tailwater  same  as  in  C    Diving  jet  is  lilted  by  ground 
roller    Scour  hole  backfills  sim.lor  to  B    Cycle    repeats 

STAGE  (D) 
Figure  213.     Flow  characteristics  in  a  slotted  bucket. 


Table  21.  —  Computations  for  hydraul 

V  jump  basin 

design 

i irge, 
q,  second- 
feel 

Discharge 
|mt  toot. 

q,  secon.l- 

het 

Reservoir 
level  minus 

tallwater, 

feet 

Conjugate 

depth,  d} 

feet  ' 

Tailwater 
ition 

Required 
apron 

elevation 

9pedfle 
energy,  //>. 

at  upstream 

end  o(  basin  - 

Upstream 
depth  ol  flow 
at  basin  floor 

level  •  d\ 

C  pst  ream 
velocity  at 

basin  fioor 

level  >  Ti 

Froude 
number  <  A'i 

2,000 

1,000 

500 

100 
50 
25 

23  7 
M  7 
25.7 

16.7 
11.8 
8.6 

985.0 
981.0 
978.0 

968.3 
969.2 
969.4 

40  4 
36  g 
34.3 

2.01 
1.08 
0.54 

49.8 
46  3 

6.2 
B  l 
111 

1  From  figure  208.  assuming  no  loss  In  specific  energy. 

'  Ht  =  Reservoir  water  surface  minus  apron  elevation,  assuming  no  loss  In  specific  energy. 
*■> 
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FROUOE    NUMBER      Ft 
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Figure  214.     Limiting  criteria  for  slotted  bucket  design. 
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Rtltfvoir    ElavOtion 


..OI.O" 


Oonnt!   B«d    Clavotion 


Figure  2)5.     Definition  of  symbols — submersed  buckets. 


values  for  the  maximum  and  minimum  tailwater 

for  n   Proude  number  of  4  :<  and  a    ,       ,      \alueof 

"■, 
II  12 

I  :  5  ,/,  =  7.5X2.56=  19.2  feet 

/     .     6.5  it, =6.5X2.56=  Hi  ti  feel 

An  average  tailwater  depth  of  is  feel  will  place 
be  bucket  invert  at  elevation  985.0-  18.0  967.0. 
It  is  now  necessary  to  check  the  radius  and  tail- 
water  conditions  for  less  than  maximum  How-  to 
determine  if  the  design  is  satisfactory  throughout 
the  range  of  discharge. 

For  a  unit  discharge  of  50  second-feet,  the  mini- 
mum radius  for  /•',  of  6.3  is  0.20k/,  •  h,t)  0 
25.9=  (>.S  feet.  Therefore,  the  minimum  radius 
of  11.0  feet  determined  for  the  maximum  dis- 
charge will  govern.  The  maximum  and  minimum 
tailwater  values  for  a   Proude  number  of  6.3  and 


an 


R 


d,+htl 


value  of 


11 
25.9 


or  0.42  are 


7'max  =  2().0  </,=20.0X  1.25  =  25.0  feet 
Tmtn=10.1  rf,=  10.1X1.25=12.6  feet 

The  bucket  invert  level  at  elevation  967  as  deter- 
mined for  the  maximum  discharge  will  provide  a 
tailwater  depth  of  981.0  —  967.0=  14  feet,  which  is 
within  the  safe  limit  for  producing  satisfactory 
roller  action. 

The  same  procedure  should  be  followed  to  verify 
that  satisfactory  roller  action  will  result  for  a  unit 
discharge  of  25  second-feet.  In  this  case  the 
minimum  radius  of  11.0  feet  determined  for  the 
maximum  discharge  was  found  to  govern.  The 
Tmai  and  Tmln  were  found  to  be  50  feet  and  10.4 
feet,  respectively,  compared  to  the  II  feet  of 
tailwater  depth  provided  by  the  invert  elevation 
placed   at   967.0  feet.      It   may   now    be  considered 


that  the  design  based  on  maximum  discharges 
will  be  satisfactory  for  all  lower  discharges. 

If  a  wider  range  of  Bafe  tailwater  depths  i> 
desired,  the  radius  of  curvature  of  the  bucket  can 

be  increased       Thus,  for  a  bucket  radius  of  12  feet, 

for  the  maximum  discharge,    /  •  '■  .W,     16.6, 

ami     /  v ."></.,    22.5    feet.     An    average    tail- 

water  depth  of  20  feet,  placing  the  bucket  insert 
at  elevation  !><i.">,  will  provide  more  leeway  for 
tailwater  variations. 

202.   Impact  Type  Stilling  Basins.      An     impact 

type  of  energ)  dissipator  has  been  developed  |12] 
which  is  an  effective  stilling  device  even  with 
deficient  tailwater  where  the  discharge  is  relatively 

small  and  the  incoming  velocity  into  a  basin  does 
exceed  .'*()  feet  per  second.  This  basin  can  be  u-cd 
with  either  an  open  chute  or  a  closed  conduit 
structure.  The  design  shown  on  figure  217  has 
been  proved  for  discharges  up  to  about  400  second- 
feet  ;  for  larger  discharges  multiple  basins  could  be 
placed  side  by  side. 

Dissipation  is  accomplished  by  the  impact  of 
the  incoming  jet  on  the  vertical  hanging  baffle, 

and  by  eddies  which  are  formed  from  the  changed 
direction  of  the  jet  after  it  strikes  the  baffle. 
Best  hydraulic  action  is  obtained  when  the  tail- 
water  height  approaches  but  does  not  exceed  a 
level  halfway  up  the  height  of  the  baffle.  For 
proper  performance,  the  bottom  of  the  baffle 
should  be  placed  at  the  same  level  as  the  invert  of 
the  upstream  channel  or  pipe. 

The  general  arrangement  of  the  basin  and  the 
dimensional  requirements  for  various  discharges 
are  shown  on  figure  217.  Figure  218  shows  an 
impact  type  stilling  basin  operating  at  about  SO 
percent  of  its  designed  capacity.  This  type  of 
basin  is  subjected  to  large  dynamic  forces  and 
turbulences    which    must     be    considered     in    the 


OuHin*  of  hydraulic 
lump   boi«n 


Figure  216.      Example  of  design  of  stilling   device  for  overflow 
spillway. 
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tw^  (equals  tw  with  8" max.) 
4  Dia.  (mm.) 
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Figure  217.     Dimensional  criteria  for  impact  type  stilling  basin. 


SPILLWAYS 


307 


llructural  design.  The  structure  must  be  made 
sufficiently  Btable  to  resist  aliHing  against  the  im- 
jia<- 1  loud  on  the  bailie  wall  The  entire  Btructure 
must  resisl  the  severe  vibrations  inherent  in  iliis 
t  \  | >i-  of  device,  and  the  individual  structural 
members  musl  be  Biifficientlj  Btrong  to  withstand 
the  large  <l\  aamic  loads 

Riprapping  should  he  provided  along  the  hot  torn 
uikI  sides  adjacent  to  the  structure  to  avoid  the 

tendency  for  scour  of  the  outlet  channel  down- 
stream from  the  end  sill  when  a  shallow  tailwater 
■dsts  Downstream  wingwalls  placed  at  45°  may 
also  be  effective  in  reducing  scouring  tendencies 
and  How   concentrations  downstream. 


203.  Plunge  Pools.     When  a  free-falling  overflow 
nappe  drops  vertically  into  a  pool  in  a  riverbed,  a 

plunge  pool  will  he  BCOUred  to  a  depth  which  is 
related  to  the  height  of  the  fall,  the  depth  of  tail- 
water,    and    the    concent  rat  ion    of    the    How    [13]. 

Depths  of  scour  arc  influenced  initially  by  the 
erodibility  of  the  stream  material  or  the  bedrock 
and  by  the  size  or  the  gradation  of  sizes  ()f  an\ 
armoring  material  in  the  pool.  However,  the 
armoring  or  protective  surfaces  of  the  pool  will  be 
progressively   reduced  by  the  abrading  action  of 

the  churning  material  to  a  size  which  will  be 
BCOUred  out  and  the  ultimate  scour  depth  will,  for 
all  practical  considerations,  stahilize  at  a  limiting 
depth  irrespective  of  the  material  size.  An  empir- 
ical approximation  based  on  experimental  data 
has  been  developed  by  Veronese  [14]  for  limiting 

scour  depths,  as  follows: 


4=1.32  fl$* 


where. 


Figure  278.      An  impact  type  stilling  basin  in  operation. 


">~ the  maximum  depth  of  scour  below  tail- 
water  level  in  feet . 

//r=the   head    from    the   reservoir   to    tailwater 
levels  in  feet ,  and 
7=  the    discharge    in    second-feet    per    foot    of 
width. 


. 


F.    HYDRAULICS  OF  SPILLWAYS 


204.  Free  Overfall  (Straight  Drop)  Spillways. 
,-i  dim  nil.  The  h  \  dra  ulic  problems  of  the  free 
overfall  spillway  are  concerned  with  the  character- 
istics of  the  control  ami  with  the  dissipation  of  flow- 
in  the  downstream  basin.  Flow  over  the  control 
Ordinarily  is  free  dischai'Lrin<_r:  an  i->  admit  ted  to  the 
underside  of  the  nappe  to  avoid  the  jet  being  de- 
pressed by  reduced  underneath  pressure.  Dissi- 
pation of  the  flow  iii  the  downstream  basin  may  be 
obtained  by  the  hydraulic  jump,  by  impact  and 
turbulence  induced  in  a  basin  with  impact  blocks, 
or  by  a  slot  ted  grating  dissipator  installed  immedi- 
ately downstream  from  the  control. 


The  control  may  be  either  sharp  crested  to  pro- 
vide a  fully  contracted  vertical  jet.  broad  crested 
to  effect  a  fully  suppressed  jet,  or  shaped  to  in- 
crease the  crr<\  efficiency.  Coefficients  of  dis- 
charge will  approximate  those  indicated  in  section 
100.  The  sides  of  the  control  usually  are  arranged 
to  allow  for  full  side  contraction,  in  order  to  pro- 
vide side  space  for  the  access  of  air  to  the  under- 
side of  the  nappe.  This  contraction  is  effected  by 
providing  square  abutment  headwalls  or  by  in- 
stalling square-cornered  vertical  otF>cts  along  the 
piers  or  walls  opposite  the  crest.  The  effective 
length  of  the  crest  is  then  determined  according  to 
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equation  (4)  where  Kp  and  Ka  will   approximate 
0.20. 

The  dimensions  of  the  stilling  basin  for  the 
free  overfall  spillway  can  be  related  to  two  inde- 
pendent variables;  namely,  the  drop  distance  Y 
and  the  unit  discharge  q.  These  variables,  which 
are  dimensional  terms,  can  be  expressed  in  a 
dimensionless  ratio  by  expressing  q  in  lineal  form 
by    means    of    the    equation    for    critical    depth, 

3  /? 
(/c=-»/— '  as  follows: 

Y     \gY3 


IS 


From  this  expression  it  can  be  seen  that  -^  i 

a  dimensionless  ratio  which  can  be  used  as  an 
independent  variable  to  which  the  individual 
dimensions  may  be  related.  This  ratio  is  called 
the  "drop  number"  and  is  designated  D.    It  can 


be  shown  that  D  is  the  product  of  F-?  a 
where   Fi   is    the    Froude    number 


-® 


/dtg 


at    the 


point  where  the  nappe  meets  the  basin  floor. 

(b)  Hydraulic  Jump  Basin. — The  jump  charac- 
teristics of  the  straight  drop  basin  are  basically 
the  same  as  those  for  other  jump  basins,  except 
that  the  position  of  the  start  of  the  jump  cannot 
be  determined  as  readily  as  it  can  for  other  basins. 
On  figure  219  the  point  of  the  start  of  the  jump 
(point  X)  will  vary  with  the  vertical  drop  distance 
and  is  influenced  by  the  under  nappe  pool  depth, 
df.  The  basin  design  downstream  from  point  X 
will  be  patterned  after  those  discussed  in  section 
199,  once  distance  Ld  is  determined.  Values  of 
the  depth  du  and  of  the  Froude  number,  Fu 
at  the  start  of  the  jump  in  relation  to  the  drop 
number,  D,  are  shown  on  figure  219.  These 
relations  may  be  used  for  determining  the  basin 
dimensions. 

Where  tailwater  depths  are  greater  than  the 
conjugate  depth  d-2,  the  jump  will  move  back  on 
the  free  falling  nappe  raising  the  depth  d{  of  the 
under  nappe  pool.  With  greater  depths  of  the 
under  nappe  pool,  the  nappe  will  not  plunge 
immediately  to  the  floor  of  the  basin  but  will  be 
deflected  upward  along  the  top  of  the  under  pool 
so  that  it  will  meet  the  floor  to  the  right  of  point 
X.  The  distance  to  the  start  of  the  jump,  Ld, 
will  become  progressively  longer  as  the  tailwater 


depth  is  increased.  Average  values  of  Ld  in  rela- 
tion to  -jj  >  as  determined  from  tests,  are  plotted 

on  figure  219.  For  a  basin  with  excessive  depths 
the  type  II  basin  discussed  in  section  199  is  most 
adaptable.  The  impact  block  type  basin,  discussed 
below,  also  can  be  adopted  for  low  drop  spillways 
with  excessive  tailwater  depths. 

(c)  Impact  Block  Type  Basin. — An  impact 
block  basin  has  been  developed  [1]  for  low  heads 
which  gives  reasonably  good  dissipation  of  energy 
for  a  wide  range  of  tailwater  depths.  The  dis- 
sipation of  the  high  energy  is  principally  by 
turbulence  induced  by  the  impingement  of  the 
incoming  flow  upon  the  impact  blocks.  The 
required  tailwater  depths,  therefore,  become 
more  or  less  independent  of  the  drop  height.  The 
linear  proportions  are  as  follows: 

Minimum  basin  length,  LB  =  L„-{- 2.55  dc 
Minimum    length    to    upstream    face  of  baffle 
block  =  Zp  +  0.8  dc 

Minimum  tailwater  depth,  dtw=2.\b  dc 
Optimum  baffle  block  height  =  0.8  dc 
Width  and  spacing  of  baffle  block  =  0.4  dc± 
Optimum  height  of  end  sill  =  0.4  dc 

(d)  Slotted  Grating  Dissipator. — An  effective 
dissipator  for  small  drops  is  illustrated  on  figure 
220.  This  device  has  been  tested  for  values  of  the 
Froude  number,  Fu  as  determined  at  basin  apron 
level,  in  the  range  of  2.5  to  4.5.  For  this  arrange- 
ment the  overfalling  sheet  is  separated  into  a 
number  of  long,  thin  segments,  which  fall  nearly 
vertically  into  the  basin  below,  where  dissipation  of 
energy  takes  place  by  turbulence.  To  be  effective 
the  length  of  the  grating,  LG,  must  be  such  that  the 
entire  incoming  flow  will  fall  through  the  slots 
before  reaching  the  downstream  end.  The  length  is 
therefore  a  function  of  the  total  discharge,  the 
velocity  of  the  incoming  flow,  and  the  area  of  the 
grating  slots.  Experimental  tests  indicate  that 
the  following  relation  gives  an  effective  design: 


LG= 


Q 


0.24owN^2gHe 


(27) 


where : 


Ar;  =  the  length  of  the  grating  in  feet, 

w  =the  width  of  the  slot  in  feet, 

N  =the  number  of  slots,  and 

He=the  depth  of  flow  upstream  from  the  drop. 


SPILLWAYS 


309 


10 

: 

I 

10 

— 

L. 

2 

</> 
O 

r!     1    ?'i    - 

< 

T         ' 

i 

1 

re 

I 

r^ 

1     n 

ffset  mom  from  pier  face  to 
ffecf  side  contraction 

a  o» 

\ — 

08 

06             -J J 

He 

-■+>     '^v        « 

"    0« 

rp 

"^"l7        "d  .5 

0 

Uoo 

,rHl 

0«      p    . 

J        '* 

I 

'  — — 

> 

0  2 

''TW^fidc~\08dc 
i 

04  C 

I« 

10 

.'„  •  .. ,    ■ — " 

«•     -    Lo                   — '- 

» — 

B                           -             LB^Lp  +  ?55dc       — 

(A)   STRAIGHT   DROP  SPILLWAY    WITH  IMPACT    BLOCKS 

8 

i 

E 

6 

■  ' 

F-> 

bJ 

h-3 

> 

4 

3 

o 

L, 

1  fo 

h 

i7^6 

3 

2 

"7 

•  ,0  H, 

2    "- 

Ufc 

'  Jf, 

tin 

|li:0« 

> 

I 

■ 

15 

=  10 

1 

i 

i>j, 

'   - 



v^- 

hi 

He    - 

:i"dTl 

-Ld «  , 

2-' 

■— ■*"" 

n 

"Y 

06 
O 

^forH, 

■"'" 

h< 

. 

5- 

1 

K    °" 

!  Ld.  for  rr 

^ 

C 

"Y. 

^r 

L 

' 

dr  - 

g   02 

UJ 

T- 

■q 

-& 

Offset  woll  from  pier  foce  to 
■\   effect  side  contraction 

*-'' 

-  ^z^ 

"X  Xx\ 

0  08 

i- 

( — . 

-" 

1     ■ 

P      « 

1  A 

1  h" 

L 

0  02 

— t- 

0  ,    _  _          , 

\rrr-^        d. 

TW 

oV 

'       ?-      V'^T      *   ./ 

— 

•  •  Ax  •• 

— 

0  01 

( 

3 

5T 

RAlG 

HT 

1 

MO 

p 

s 

'ILLW/l 

1 

Y  vi 

iT 

■i 

-r 

D 

uu 

LK 

JU 

m 

DROP    NUMBER     5 


q2 


Figvrg  279.      Hydraulic  characteristics  of  straight  drop  spillways  wilh  hydraulic  jump  or  with  impact  blocks 
'•.  O— 60 22 


310 


DESIGN  OF  SMALL  DAMS 


The  length  of  the  basin,  LB.  should  be  approxi- 
mately 1.2  LG.  An  end  sill  similar  to  that  for 
basin  type  I,  discussed  in  section  199,  can  be  pro- 
vided to  improve  the  hydraulic  action. 


3w 
Beam  width  =  -~~ 


1T.W  depth  =  He 


Sill   optional 


Figure  220.     Slotted  grating  dissipator. 


(e)  Example  of  Design  of  a  Free  Overfall  Spill- 
way.— The  procedure  for  designing  a  free  overfall 
spillway  is  best  shown  by  means  of  an  example. 
Consider  that  such  a  spillway  is  to  be  designed 
to  discharge  500  second-feet.  The  drop  from  the 
spillway  crest  to  the  tailwater  level  for  a  flow  of 
500  second-feet  is  12  feet.  (Tailwater  elevation  is 
108.0.)  The  approach  channel  is  20  feet  long  and 
the  approach  floor  is  level  with  the  spillway  crest 
which  is  at  elevation  120.0.  Each  type  of  energy 
dissipator  is  to  be  investigated. 

The  procedure  for  design  of  the  hydraulic  jump 
basin  is  as  follows:  First,  assume  the  effective 
length  of  the  spillway  crest  to  be  15  feet.  Assume 
an  approximate  value  of  (7=3.0.  The  unit  dis- 
charge, q.  is  equal  to  '— =33.3  second-feet  and  He 


..    /g\2/3     /33.3  V'3 
■s  equal  to  {*)    =(— )    = 


=  5.0  feet.     The  reser- 


voir water  surface  elevation,  therefore,  is  120.0 
—  5.0=125.0.  Thus  the  drop  from  reservoir  level 
to  tailwater  level  will  be  approximately  17  feet. 

Assume  that  an  offset  of  0.5  foot  is  provided 
along  each  side  of  the  weir  to  effect  side  contrac- 
tions for  aerating  the  underside  of  the  sheet,  and 
that  the  offset  is  square-cornered.  Then  the  net 
crest  length,  which  will  also  be  the  stilling  basin 
width,  is: 


L'  =  L^2KaHe+2(0.5)  =  lo 

+  2(0.2)(5)  +  1.0  =  18.0  feet. 

Figure  208  is  used  to  determine  the  approximate 
apron  level  of  the  jump  basin,  assuming  the  effec- 
tive width  of  the  basin  to  be  15  feet  and  (for  the 
first  trial)  that  there  will  be  no  loss  of  energy  be- 
tween the  reservoir  and  the  point  where  the  jet 
strikes  the  basin  floor.  From  scale  A,  the  con- 
jugate depth  d2  for  2=33.3  second-feet  and  HT=\~ 
feet  is  8.8  feet,  which  places  the  apron  floor  at 
elevation  99.2.  Y  is  equal  to  elevation  120  — 
elevation  99.2  =  20.8  feet,  and  the  drop  number 


D  is  equal  to  ~^%= 


33.32 


gY3     32.2  X  20. 83 
d2 


=0.0038.    For  D 


0.0038,  from  figure  219  ;p=0.375  and  d2  =  7 .8  feet. 

The  apron  level  then  must  be  adjusted  to  an 
elevation  which  is  d2  below  the  tailwater  elevation 
108.0,  or  elevation  100.2. 

For  the  second  trial,  the  adjusted  value  of  Y  is 

33.32 


19.8  and  D  is  equal  to       "";"        =0.0044.     For 

o— .  —  /\  i  y .  o 

ZT=0.0044  and  yf =^=3.4,  from  figure  219,  =)M 
tic      o  1 

1.02  and  £d=20.2  feet.     Also  ^=1.1  feet  and  Fl 

=  5.3. 

With  the  values  of  7^  =  5.3,  r/,  =  l.l  and  f/2  =  7.8, 

the  arrangement  of  the  type  II  basin  shown  on 

figure  206  can  be  used.    From  figure  206,  -^=2.37 

and  Z/7=18.5  feet.  The  length  of  the  basin 
measured  from  the  vertical  crest  is  equal  to 
La+LH=20.2  + 18.5  =  38.7  feet.  The  distance  of 
the  baffle  blocks  from  the  vertical  crest  for  this 
basin  will  be  20.2  feet  plus  0.8  d2  or  20.2  plus  0.8 
(7.8)  =26.4  feet,  approximately. 

The  baffle  blocks  will  be  approximately  1.5  </, 
or  1.6  feet  high  and  will  be  about  14  inches  wide 
and  spaced  at  about  28-inch  centers. 

For  the  impact  block  basin,  the  procedure  is  as 
follows:     The     critical     depth,     dc,     is     equal     to 


e    219, 


17.0 


V— =  -%/^hr=3.3  feet.     Then  from  figur 
g      V  32.2 

for  ZJ=0.0044  and  |r=3.4,  ^=0.85  and  Lp- 

feet.  The  minimum  length  of  the  basin,  LB.  is 
equal  to  7^, +2.55  dc=  17.0+2.55  (3.3)  =  25.4  feet, 
say  26  feet.  The  minimum  tailwater  depth  of 
2.15   dc  will   be   7.1    feet   which    places   the   basin 
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loor  ni  elevation  100.9  The  distance  from  the 
vertical  creel  to  the  baffle  blocks  will  be  L+0.8 
rf,=  l7  0  ii  8  3  3  19  6  feet,  sav  20  feet.  The 
baffle  blocks  will  be  aboul  us  ,/,  or  3.0  feel  high 
and  about  is  inches  wide,  Bpaced  al  about  3-fool 
centers.  The  end  -ill  will  be  0.4  </,  or  aboul  1.5 
feel   high. 

It  can  l»c  Been  from  the  above  resull  thai  ii 
the  impart  block  basin  is  used,  the  basin  can  be 
made  almost  13  feel  shorter  than  thai  required 
for  a  hydraulic  jump  basin,  and  also  thai  the 
impact  block  basin  will  be  0.7  fool  shallower. 
The  baffle  blocks  for  the  hydraulic  jump  basin 
will  be  smaller  and  spaced  closer  together  than 
those  for  the  impact  block  basin. 

This  example  shows  thai  the  impact  block  basin 
i-  considerably  -mailer  than  the  hydraulic  jump 
basin.  However,  the  impact  block  basin  should 
be  limited  to  use  where  the  drop  distance  does 
not  c\,ced  20  feet.  Furthermore,  as  previously 
explained,  the  foundation  for  an  impact  block 
basin  musl   l>e  of  better  quality  because  of  the 

concentrated  forces  involved.  The  hydraulic 
jump  basin,  therefore,  has  a  much  wider  applica- 
tion of  use 

The  slotted  grating  disripator  is  not  suitable  in 
this  ease  because  the  Froude  number  of  5..'>  is  in 
exec--  of  the  4..">  value,  which  is  the  tested  limit 
for  a  practical  -lotted  Lrratm'_r  design. 

205.  Drop  Inlet  (Shaft  or  Morning  Glory)  Spill- 
ways, (a)  General  Characteristics.-— Typical  flow 
conditions  and  discharge  characteristics  of  a  drop 
inlet  spillway  are  represented  on  figure  221.  As 
illustrated  on  the  discharge  curve,  crest  control 
(condition  1)  will  prevail  for  heads  between  the 
Ordinates  of  a  and  g\  orifice  or  tube  control  (con- 
dition 2 1  will  govern  for  heads  between  the  ordi- 
nates of  </  and  ft;  and  the  spillway  conduit  will 
How  full  for  heads  above  the  ordinate  of  h 
(represented   as  condition   3). 

Flow  characteristics  of  a  drop  inlet  spillway 
will  vary  according  to  the  proportional  sizes  "I 
the  different  elements.  Changing  the  diameter 
of  the  crest  will  change  the  curve  ah  on  figure 
221  so  that  the  ordinate  of  ./  on  curve  cd  will  be 
either  higher  or  lower.  For  a  larger  diameter 
Crest,  greater  outflows  can  be  discharged  over  the 
weir  at  low  heads  and  the  transition  will  (ill  up 
and  tube  control  will  occur  with  a  lesser  head  on 
the  crest.      Similarly,   by  altering   the  -l/.e  of  the 


throat    of  the   tube,    the   position  of  curve  cd  will 

change,  indicating  the  head-  above  winch  tube 
control  will  prevail.     If  the  transition  is  made  of 

-iK -h  size  that  curve  c<i  is  moved  t<>  coincide  with 
or  lie  to  the  right  of  point  j,  the  control  will  -hift 
directly  from  the  crest  to  the  downstream  end  of 
tin'   conduit.      The   details   of    the    hydraulic    How 

characteristics  are  discussed  in  following  sub- 
sect  ions. 

(I>)  Crest  Discharge.     For  small  heads,  flo*  over 

the  drop  inlet  spillwa\  is  governed  by  the  char- 
acteristics of  crest  discharge.  The  vertical  transi- 
tion beyond  the  cre-t  will  How  partly  full  and  the 
How    will  cling  U)   the  sides  of  the  shaft.      A-   the 

discharge  over  the  crest  increases,  the  overflowing 

annular  nappe  will  become  thicker,  and  eventually 
the  nappe  How  will  converge  into  a  solid  vertical 
jet.  The  point  where  the  annular  nappe  joins 
the  solid  jet  is  called  the  crotch.  After  the  solid 
jet  forms,  a  "boil"  will  occupy  the  legion  above 
the  crotch:  both  the  crotch  and  the  lop  of  the  boil 

become  progressn  ely  higher  with  larger  discharg 
For  high   heads  the  crotch   and   boil   may   almost 
Hood   out,   showing  only   a   slight    depression    and 
eddy  at   the  surface. 

Until  such  time  a-  the  nappe  converges  to  form 
:i  -olid  jet,  free-discharging  weir  How  prevails. 
After  the  crotch  and  boil  form,  submergence  begins 
to  affeel  the  weir  flow  and  ultimately  the  crest  will 
drown  out.  Flow  is  then  governed  either  by  the 
nature  of  the  contracted  jet  which  is  formed  by 
the  overflow  entrance,  or  by  the  shape  and  size  of 
the  vertical  transition  if  it  does  not  conform  to  the 
jet  shape.  Vortex  action  must  be  minimized  to 
maintain  converging  flow  into  the  drop  inlet. 
Guide  piers  are  often  employed  along  the  crest  for 
this  purpose  [5,  t'».  22). 

If  the  crest  profile  and  transition-conform  to  the 
shape  of  the  lower  nappe  of  a  jet  flowing  over  a 
-harp-cre-ted  circular  weir,  the  discharge  char- 
acteristics for  flow  over  the  crest  and  through  the 
transition  can  be  expressed  a-: 


l>      I  1.1 1 


(3) 


where  //  is  the  head  measured  either  to  the  apex 
of  the  under  nappe  of  the  overflow,  to  the  spnuir 
point  of  the  circular  sharp-crested  weir,  or  to  some 
other  established  point  on  the  overflow     Similarly, 
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Tronsition  tube 

Throat  of  tronsition  tube 


Inclined  shaft 


Outlet  leg  of  conduit 


Decelerating  flow " 

CONDITION    I.     CREST    CONTROL 
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Figure  221.     Nature  of  Flow  and  discharge  characteristics  of  a  morning  glory  spillway. 
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the  choice  of  the  length  /.  is  related  to  some  specific 
point  of  measurement  such  as  the  length  of  the 
circle  at  the  apex,  along  the  periphery  at  the 
upstream  face  of  the  crest,  or  along  some  other 

chosen  reference  line.  The  value  of  Twill  change 
with    different    definitions   of    /.    and    //.      If    /.    is 

taken    at    the    outside    periphery    of    the    o\  ci How 

cre-i  (the  origin  of  the  coordinates  in  figure  '-'l'l'i 
and  if  the  head  is  measured  to  the  apex  of  the 
overflow  shape,  equation  (3)  can  be  written: 


Q-CtfwRJH, 


It  will  be  apparent  that  the  coefficient  of  dis- 
charge for  a  circular  crest  differs  from  that  for  a 
straight  creel  because  of  the  effects  of  submergence 

and    hack   pressure   incident    to   the  joining  of  the 

converging  Hows.     Thus  Ca  musl    he  related   to 

both  //„  and   /.'..  and  can  he  expressed  in  terms  of 

The  relationship  of  <  '„,  as  determined   from 


R 


II 


model  tests  [15],  to  values  of    .,"  for  three  condi- 

n 

kions  of  approach  depth  is  plotted  on  figure  223. 

These  coefficients  are  valid  only  if  the  crest  profile 

and   transition   shape  conform   to   that    of  the  jet 

Bowing  over  a  sharp-crested  circular  weir  at  //„ 

bead  and  if  aeration  is  provided  so  that  suhatmos- 

pheric  pressures  do  not  exist  along  the  lower  nappe 

surface  contact . 

When    the    crest    outline    and    transition    shape 
conform   to  the   profile  of  the  nappe  shape  for  an 

//„ 


//„   head   over   the  crest,   free   How    prevails   for 


R. 


ratios  up  to  approximately  0.4"),  and  weir  control 
governs.      As    the     .,"    ratio   increases  above   0  IV 

the  weir  partly  submerges  and  flow  showing  char- 
acteristics of  a  submerged  weir  is  the  controlling 

II 

condition.      When    the     .,"    ratio    approaches     1.0, 

the   water   surface   above    the   weir   is   completely 

II 
submerged.     For  this  and   higher  stages  of      ". 

the  How  phenomena  is  that  of  orifice  How.  The 
weir  formula.  Q  CLIP'1,  is  used  as  the  measure 
of  How  through  the  drop  inlet  entrance  regardless 
of  the  submergence,  by  using  a  coefficient  which 

reflects  the  How  conditions  through  the  various    ., 

ranges.      Thus,  from  figure  223  it  will  he  seen  that 


the  weir  coefficient  is  only  slightly  changed  from 

that   normally  indicated  for  values  of      "  less  than 

(i  15,  hul  reduces  rapidly  for  the  higher  .,"  ratio- 
It  will  he  noted  that  for  mo-i  conditions  of  How 
over  a  circular  weir  the  coefficient  of  discharge 
increases  with  a  reduction  of  the  approach  depth, 
whereas  I  he  Opposite  i-  true  for  n  Straight  weir 
For  hot  h  weirs  a  shallower  approach  lessens  the 
upward  vertical  velocity  component  ami  con 
quently  suppresses  the  contraction  of  the  nappe. 
However,  for  the  circular  weir  the  submergence 

effect     is    reduced    hecause    of    a    depressed    upper 

nappe  surface,  giving  the  jet  a  quicker  downward 

impetus,  which  lowers  the  position  of  the  crotch 
and    increases    the    discharge. 

Coefficients  for  partial  heads  of  //,  on  the  creel 
can    he   determined    from    figure   224    to   prepare   a 

discharge-head  relationship.     The  designer  must 

he  cautious  in  applying  the  above  criteria,  since 
subatmospheric   pressure  or  submergence  effects 

may  alter  the  How  conditions  differently  for 
variously  shaped  profiles.  This  criteria,  therefor*  . 
should  not  he  applied  for  flow  conditions  where 
//. 


R 


exceeds  0.4. 


(c)  Crest    Profiles.     Values    of   coordinates    to 

define   the  shape  of  the  lower  surface  of  a   nappe 
flowing    over    an    aerated    sharp-crested    circular 

weir  for  various  conditions  of  ~pr  »"d    ,,    »re  shown 


'  ~1~~ 

1 

i 
i 

h0     Hs    M0 

A       J 

llOx 


'AWSSWwA'A'Ay 


figure  222.      Elements  of  nappe-shaped  profile  for  circular  weir. 


314 


^  -    G.3 


DESIGN  OF  SMALL  DAMS 


H 


Figure  223.      Relationship  of  circular  cresl  coefficient  C„  to  s^  for  different  approach  depths  (aerated  nappe) 


in  tables  22,  23,  and  24.  These  data  are  based 
on  experimental  tests  [15]  conducted  by  the 
Bureau  of  Reclamation.  The  relationships  of  Hs 
to  H0  are  shown  on  figure  225.     Typical  upper 

TT 

and  lower  nappe  profiles  for  various  values  of  -jy 

x  y 

are  plotted  on  figure  226  in  terms  of  yt  an(l  tT 


for  the  condition  of 


ft 


2.0. 


Illustrated  on  figure  227  are  typical  lower  nappe 
profiles,  plotted  for  various  values  of  Hs  for  a 
given  value  of  ft,.  In  contrast  to  the  straight 
weir  where  the  nappe  springs  farther  from  the 
crest  as  the  head  increases,  it  will  be  seen  from 
figure  227   that   the  lower  nappe  profile  for  the 


circular  crest  springs  farther  only  in  the  region 
of   the   high   point   of   the   trace,   and   then   only 

TT 

for    -7^   values    up    to    about    0.5.     The    profiles 


ft, 

become 


values 
increasingly    suppressed    for 


larger   -^ 


values.  Below  the  high  point  of  the  profile 
the  traces  cross  and  the  shapes  for  the  higher 
heads  fall  inside  those  for  the  lower  heads.    Thus, 

TJ 

if  the  crest  profile  is  designed  for  heads  where  -^ 

exceeds  about  0.25  to  0.3,  it  appears  that  sub- 
atmospheric  pressure  will  occur  along  some 
portion  of  the  profile  when  heads  are  less  than  the 
designed  maximum.  If  subatmospheric  pressures 
are  to  be  avoided  along  the  crest  profile,  the  crest 
shape  should  be  selected  so  that  it  will  give  support 


SPILLWAYS 


315 


Taiii.k  23       Coordinate*  <>l  lowet  unppe  surface  for  dijfrrrut  riiturx  of       '  uhrit 

li  H 


I  Vi-Kltglblfi  nHIHUBtl  viliKll\  tnd  M  tied  nappe) 

11. 
ft 

0.00 

0  10* 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0  50 

0.60 

o  n 

1.00 

l.ao 

• 

1 

II. 

1 

Kur  iMirliuii  uf  tin-  praflk  above  tbo  weir  creel 

0.000 

0.0000 

0.0000 

... 

... 

... 

o  oon 

0  OM 

0  0000 

.010 

• 

0145 

11133 

0130 

on 

HI  U 

"in 

"IH. 

nil  J 

"MM 

.0095 

• 

no 

oni 

■ 

DM 

Ml 

(1213 

OM 

0159 

"Mil 

Dill 

on 

• 

OM 

1)317 

OM 

.0299 

(127(1 

OM 

0198 

.0168 

.0126 

on 

ono 

0435 

Ottl 

OM 

.0377 

DM 

0351 

OM 

.0220 

.0176 

ill  1 T 

050 

O.'iT.'. 

.0535 

ono 

0471 

OM 

OM 

OM 

DM 

OM 

OM 

.0226 

0168 

.0092 

060 

.0570 

0550 

0531 

MO 

OM 

.0470 

DM 

unit 

OM 

0147 

on 

1171(1 

OH  1 

0614 

04K7 

OM 

11308 

".■"1 

(II  M 

OM 

.080 

ono 

.0655 

OM 

OM 

0870 

.0550 

OM 

n4.'..r. 

OM 

(1172 

(10711 

■ 

ono 

.0765 

OM 

.0670 

MO 

1)013 

.0581 

.0549 

(M71 

11347 

DM 

0010 

m 

ono 

ono 

om 

0708 

0073 

.0642 

.0606 

0870 

DM 

.0264 

OM 

in 

.OMO 

ono 

ono 

• 

- 

ii7;ii 

OM 

.0640 

OM 

OM 

OM 

in 
in 

ion 

.  1045 

ono 

- 

.0905 

.0829 
.0855 

.0812 

H7.'4i 

.0705 
.0710 

.01154 
.0651 

0599 
.0585 

0460 
.0418 

null 

.180 
200 

ion 

.1105 

linn 

1025 

0927 

OM 

.0872 
.0877 

.0820 
.0819 

.0766 
.0756 

0705 

MO 

.0637 
0611 

.0559 
.0521 

0361 
0292 

.240 

.1120 

.1035 

.0926 

OM 

(1773 

.0683 

.0596 

.0495 

.0380 

.0068 

300 
350 

1101 

.1060 

1000 
.0930 

.0850 

om 

.0650 

.0068 
.0540 

.0410 

.0446 
OM 

.0327 
.0125 

.0174 

f — « 

k 

f 

\ 

.400 

.0970 

.0830 

ono 

0500 

OM 

.0220 

.0060 

1 

\ 

.0845 

.0700 

.0450 

.0310 

.0170 

.000 

\ 

500 

.0700 

0520 

ono 

0100 

.550 

.0520 

ono 

.0020 

no 

OM 

oon 

.650 

oon 

Y 

11. 

0  000 

v 

7j-  For  portion  of  the  profile  below  the  weir  crest 

0.668 

0  615 

0.554 

0.520 

0.487 

0.450 

0.413 

0.376 

0.334 

0.262 

0.158 

0.116 

0.093 

0.070 

0.048 

-  on 

.705 

.652 

.592 

.560 

.526 

.488 

.452 

.414 

.369 

.293 

.185 

.145 

.120 

096 

074 

-.040 

.688 

.627 

.596 

.563 

.524 

.487 

.448 

.400 

.320 

.212 

.165 

.140 

.115 

M 

-  on 

777 

.720 

.660 

.630 

.696 

.557 

.519 

.478 

.428 

.342 

.232 

.182 

.155 

.129 

ii. i 

-  080 

.808 

.752 

692 

662 

.628 

.589 

.549 

.506 

.454 

.363 

.250 

.197 

.169 

.140 

no 

-.100 

.838 

.784 

.722 

.692 

.657 

.618 

.577 

.532 

.478 

.381 

.266 

.210 

.180 

.150 

118 

-ISO 

.913 

.857 

793 

.762 

.725 

.686 

.641 

.589 

.531 

.423 

.299 

.238 

.204 

.170 

132 

-.200 

.978 

.925 

.860 

.826 

.790 

.745 

.698 

.640 

.575 

.459 

.326 

.260 

.224 

181 

144 

-.250 

1.040 

.985 

.919 

.883 

.847 

.801 

.750 

.683 

.613 

.490 

.348 

.280 

.239 

.  191 

153 

-.300 

1.100 

1  043 

.976 

.941 

.900 

.852 

.797 

.722 

.648 

.518 

.368 

.296 

.251 

.206 

160 

-.400 

1    .117 

1.150 

1.079 

1.041 

1.000 

.944 

.880 

.791 

.706 

.562 

.400 

.322 

.271 

.220 

168 

-.500 

1.308 

1.246 

1    172 

1.131 

1.087 

1.027 

.951 

.849 

753 

.598 

.427 

.342 

.287 

.232 

173 

-BOO 

1.397 

1.335 

1.260 

1.215 

1   167 

1.102 

1.012 

.898 

.793 

.627 

.449 

.359 

.300 

240 

179 

-.800 

1.563 

1.500 

1.422 

1.369 

1.312 

1.231 

1.112 

.974 

.854 

.673 

.482 

.384 

.320 

253 

184 

-1.000 

1   713 

1.646 

1.564 

1.508 

1.440 

1  337 

1.189 

1.030 

.899 

.710 

.508 

.402 

.332 

260 

m 

-1.200 

1.846 

1.780 

1.691 

1.635 

1.553 

1.422 

1.248 

1.074 

.933 

.739 

.528 

.417 

.340 

266 

-1.400 

1.970 

1.903 

1.808 

1.748 

1.653 

1.492 

1.293 

1.108 

.963 

.760 

542 

.423 

344 

-1.600 

2.085 

2.020 

1.918 

1.855 

1.742 

1.548 

1.330 

1.133 

.988 

.780 

.553 

.430 

-1.800 

2.196 

2.130 

2.024 

1.957 

1.821 

1  591 

1.358 

1.158 

1.008 

.797 

.563 

.433 

-2000 

-2  500 
-3  000 
-3.500 

2.302 
2.557 

2234 

2.475 
2.700 
2.916 

2.126 

2  354 

2.559 

2.053 

2.266 
2.428 

1.891 

2.027 
2.119 

1.630 

1.701 
1.748 

1.381 

1.430 
1.468 

1.180 

1.221 
1.252 

1.025 

1.059 
1.086 

.810 

.838 
.853 

.572 
.588 

.--^ 

2.  749 

2.  541 

2  171 

1   777 

1.489 

1.  267 

1    1(12 

f 

\ 

-4.000 

3  114 

2  914 

2.620 

2.201 

1.796 

1.500 

1.280 

| 

\ 

-4.500 

- 

i  no 

3.053 

2.682 

2.220 

1.806 

i  M 

\ 

-5.000 

i  no 

I  178 

2.734 

2.227 

1   Ml 

\ 

■ 

3.653 

i  no 

3.294 
3.405 

2.779 
2.812 

2.229 
2.232 

H. 
R 

0.00 

0.10 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

080 

0.80 

1.00 

i  n 

• 

ZOO 

•Tin-  tabulation  for  ^'-0.10  was  obtained  by  Interpolation  between  jT"*0  and  0.20. 


After  Wagner  |l.r>l 


316 


DESIGN  OF  SMALL  DAMS 


H  P 

Table  23. — Coordinates  of  lower  nappe  surface  for  different  values  of  -~  when  -jt  =  0.30 

R  R 


R 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.60 

II. no 

X 
H. 

Y 

-jjr  For  portion  of  the  profile  above  tile  weir  crest 
tit 

0.000 

0.0000 

0.  0000 

0.  0000 

0.  0000 

0.  0000 

0.0000 

0.0000 

0.0000 

0.0000 

.010 

.0130 

.0130 

.0130 

.0125 

.0120 

.0120 

.0115 

.0110 

.0100 

.020 

.  0245 

.0242 

.0240 

.0235 

.0225 

.0210 

.0195 

.0180 

.  0170 

.030 

.0340 

.0335 

.0330 

.0320 

.0300 

.0290 

.0270 

.0240 

.0210 

.040 

.0415 

.0411 

.0390 

.0380 

.0365 

.0350 

.0320 

.0285 

.0240 

.050 

.0495 

.0470 

.0455 

.0440 

.0420 

.  0395 

.0370 

.  0325 

.0245 

.060 

.0560 

.0530 

.0505 

.0490 

.0460 

.  0440 

.0405 

.0350 

.0250 

.070 

.0610 

.0575 

.0550 

.0530 

.0500 

.0470 

.0440 

.  0370 

.0245 

.080 

.0660 

.0620 

.0590 

.0565 

.0530 

.  0500 

.0460 

.0385 

.0235 

.090 

.0705 

.0660 

.0625 

.0595 

.0550 

.0520 

.0480 

.0390 

.0215 

.  100 

.0740 

.0690 

.0660 

.0620 

.  0575 

.0540 

.0500 

.0395 

.0190 

.  120 

.0800 

.0750 

.0705 

.  0650 

.0600 

.0560 

.0510 

.0380 

.0120 

.140 

.0840 

.0790 

.0735 

.0670 

.0615 

.0560 

.0515 

.0355 

.  0020 

.160 

.0870 

.0810 

.0750 

.0675 

.0610 

.0550 

.0500 

.0310 

.180 

.0885 

.0820 

.0755 

.0675 

.0600 

.0535 

.0475 

.02.50 

.200 

.0885 

.0820 

.0745 

.0660 

.0575 

.0505 

.0435 

.0180 

.250 

.0855 

.0765 

.0685 

.0590 

.0480 

.0390 

.0270 

.300 

.0780 

.0670 

.0580 

.0460 

.0340 

.02211 

.0050 

.350 

.0660 

.0540 

.0425 

.0295 

.0150 

.400 

.0495 

.0370 

.0240 

.0100 

.450 

.0300 

.0170 

.0025 

.500 

.0090 

-.0060 

.550 

Y 
H. 

^For, 

>ortion  of  t 

he  profile  1 

>elow  the  weir  crest 

-0.000 

0.519 

0.488 

0.455 

0.422 

0.384 

0.349 

0.310 

0.238 

0.  144 

-.020 

.560 

.528 

.495 

.462 

.423 

.387 

.345 

.272 

.174 

-.040 

.598 

.566 

.532 

.498 

.458 

.420 

.376 

.300 

.  198 

-.060 

.632 

.601 

.567 

.532 

.491 

.451 

.406 

.324 

.220 

-.080 

.664 

.634 

.600 

.564 

.522 

.480 

.432 

.348 

.238 

-.100 

.693 

.664 

.631 

.594 

.552 

.508 

.456 

.368 

.254 

-.150 

.760 

.734 

.701 

.661 

.618 

.569 

.510 

.412 

.290 

-.200 

.831 

.799 

.763 

.723 

.677 

.622 

.558 

.451 

.317 

-.250 

.893 

.860 

.826 

.781 

.729 

.667 

.599 

.483 

.341 

-.300 

.953 

.918 

.880 

.832 

.779 

.708 

.634 

.510 

.362 

-.400 

1.060 

1.024 

.981 

.932 

.867 

.780 

.692 

.556 

.396 

-.500 

1.156 

1.119 

1.072 

1.020 

.938 

.841 

.745 

.595 

.424 

-.600 

1.242 

1.203 

1.  153 

1.098 

1.000 

.891 

.780 

.627 

.446 

-.800 

1.403 

1.359 

1.301 

1.227 

1.101 

.970 

.845 

.672 

.478 

-1.000 

1.549 

1.498 

1.430 

1.333 

1.180 

1.028 

.892 

.707 

.504 

-1.200 

1.680 

1.622 

1.543 

1.419 

1.240 

1.070 

.930 

.733 

.524 

-1.400 

1.800 

1.739 

1.647 

1.489 

1.287 

1.106 

.959 

.757 

.540 

-1.600 

1.912 

1.849 

1.740 

1.546 

1.323 

1.  131 

.983 

.778 

.551 

-1.800 

2.018 

1.951 

1.821 

1.590 

1.353 

1.155 

1.005 

.797 

.560 

-2.000 

2.120 

2.049 

1.892 

1.627 

1.380 

1.  175 

1.022 

.810 

.569 

-2.500 

2.351 

2.261 

2.027 

1.697 

1.428 

1.218 

1.059 

.837 

-3.000 

2.557 

2.423 

2.113 

1.747 

1.464 

1.247 

1.081 

.852 

-3.500 

2.748 

2.536 

2.  167 

1.778 

1.489 

1.263 

1.099 

-4.000 

2.911 

2.617 

2.200 

1.796 

1.499 

1.274 

-4.500 

3.052 

2.677 

2.217 

1.805 

1.507 

-5.000 

3.173 

2.731 

2.223 

1.810 

-5.500 

3.290 

2.773 

2.228 

-6.000 

3.400 

2.808 

H. 
R 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.60 

0.80 

After  Wagner  [15] 


SPILLWAYS 


317 


Tabu  24 


( 'oordinalt  u  l.r> 

/i  li 


II. 

\ 
II. 

1     „ 

mtton  "i  Hh 

• 

o  oooo 

010 

0190 

0110 

0111 

out 

Him 

nun 

om 

ir.'Ui 

MINI 

0170 

11.4111 

ono 

01711 

0100 

ono 

ono 

ill  7n 

,.4.1. 

inn.'. 

0470 

IM55 

0400 

II4III 

ir.'To 

oooo 

0400 

0400 

OM 

0000 

0610 

(tiro 

nun 

100 

110 

ono 

0600 

04tt 

ono 

Mil 

oooo 

.0620 

.180 

0070 

.0590 

0110 

INI 

• 

ono 

0830 

ir.im 

01711 

om 

0011 

IM40 

ono 

ir.'io 

Him 

350 

lli.NI 

.0165 

.0030 

0810 

OOOO 

■ 

.550 

Y 
H. 

77.For' 

Kirtlon  of  thu  pnifllr  1 

H'lOW  till'  V 

i  ir  OCtrt 

0  1100 

0  454 

0  422 

0  392 

0.358 

0.325 

0.116 

-.020 

.490 

MR 

437 

.404 

.369 

330 

303 

.149 

-.040 

.509 

47>% 

444 

4117 

.259 

.  174 

-.060 

.579 

547 

.516 

.443 

.286 

.195 

on 

• 

.550 

.516 

.476 

.434 

.310 

213 

-.100 

650 

.616 

.584 

.506 

.412 

.331 

.228 

-.150 

.691 

Mil 

.620 

.577 

tat 

4i. i 

.263 

-.200 

.795 

.760 

.685 

.639 

.516 

.413 

.293 

-  250 

.790 

.743 

.692 

.  557 

445 

.319 

-.300 

.922 

.883 

.843 

.797 

.741 

.071 

,.W4 

.474 

.342 

-.400 

1  029 

.947 

.893 

.828 

.749 

.656 

3M 

-.500 

1.128 

1.040 

.980 

.902 

- 

.710 

.567 

413 

too 

1  220 

1    177 

1.129 

1.061 

.967 

.753 

601 

.439 

BOO 

1.380 

1  337 

1  285 

1.202 

1.080 

.953 

.655 

473 

1  000 

1  525 

1.481 

1  420 

1.317 

1   164 

1.014 

.878 

.696. 

.498 

-1  200 

1.659 

1.610 

1  537 

1.411 

1.228 

1.059 

.917 

.517 

-1  400 

1   731 

1  639 

1.480 

1.276 

1.096 

.949 

no 

.531 

-1  fiOO 

1.897 

l  Btt 

1.729 

1.533 

1.316 

1.  123 

973 

770 

.544 

-1.800 

2.003 

1.947 

i  no 

1.580 

1.347 

1.  147 

.997 

.553 

1  i)00 

2.104 

2.042 

1  879 

1.619 

1  372 

1    11.7 

1.013 

.801 

MO 

-2  500 

2.340 

2.251 

2.017 

1.690 

1  423 

1.310 

1.049 

-3  000 

2.550 

2.414 

2  105 

1.738 

1   457 

l  840 

1.073 

840 

i  500 

2.530 

2  153 

i  m 

1  475 

1.252 

1.088 

4  000 

2.904 

i  an 

2.180 

1.780 

1    4->7 

-4.500 

3.048 

2.671 

2  198 

1.790 

1  491 

-5  000 

3.169 

2.207 

1.793 

-5  500 

3.286 

2  769 

2.210 

-6  000 

3.396 

1    v., 

H. 
R 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.60 

0.80 

\ft,r  Wagner  (15) 


318 


O       || 


Figure   224.     Circular  crest  coefficient  of   discharge   for   other 
than  design  head. 

to  the  overflow  nappe  for  the  smaller  ~  ratios. 

Rs 

Figure  228  shows  the  approximate  increase  in 
radius  required  to  minimize  subatmospherie  pres- 
sures on  the  crest.     The  crest  shape  for  the  en- 

H' 
larged  crest  radius  is  then  based  ona^  ratio  of 

tis 

0.3. 

(d)   Transition  Design. — The  diameter  of  a  jet 
issuing  from  a  horizontal  orifice  can  be  determined 
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for   any  point    below   the   water  surface   if  it   is 

assumed  that  the  continuity  equation,   Q=av,  is 

valid  and  if  friction  and  other  losses  are  neglected. 

For  a  circular  jet  the  area  is  equal  to  wR2.     The 

discharge    is    equal     to     av=irR2^2ghv.     Solving 

0  >2 
for  R,  R=^ryt  where  Ha  is  equal   to  the  differ- 

ence  between  the  water  surface  and  the  elevation 
under  consideration.  The  diameter  of  the  jet 
thus  decreases  indefinitely  with  the  distance  of  the 
vertical  fall. 

If  an  assumed  total  loss  (to  allow  for  jet  con- 
traction losses,  friction  losses,  velocity  losses  due 
to  direction  change,  etc.)  is  taken  as  0.lHa,  the 
equation  for  determing  the  approximate  required 
shaft  radius  can  be  written: 


#=0.204 


1/2 


9_ 


(29) 


Since  this  equation  is  for  the  shape  of  the  jet,  its 
use  for  determining  the  shape  of  the  shaft  will 
result  in  the  minimum  size  which  will  accommo- 
date the  flow  without  restrictions  and  without 
developing  pressures  along  the  side  of  the  shaft. 
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Alter  Wagner  [18] 

Figure  116.      Upper  and  lower  nappe  profiles  for  circular  weir 
(aeraled  nappe  and  negligible  approach  velocity). 

A  typical  shaft  profile  required  by  equation  (29) 
is  -liown  l>\  the  dot-dash  lines  abe  on  figure  229. 
If  the  shaft  profile  abe  is  enlarged  above  points  b 
as  shown  by  the  dotted  lines  db,  the  section  at 

A  A  will  acl  as  a  control  and  the  shaft  above  sec- 
tion A  A  will  flow  under  pressure;  below  section 
A  A  the  shaft  will  flow  full  hut  it  will  not  he  under 
pressure  If  the  shaft  profile  dbe  is  further  modi- 
fied as  shown  by  the  solid  lines/**,  the  shaft  will  not 
How  full  below  section  A  A.  The  length  of  the 
shaft  helow  BOCtion  A  A  will  not  affect  the  dis- 
charge provided  the  flow  is  aerated.  In  this  case, 
neglecting  air  friction  losses,  the  jet  below  section 
A  A  will  occupy  an  equivalent  area  indicated  by 

the  lines  be.  It  i>  interesting  to  note  that  with  a 
profile  <ih,  established  for  a  specific  head,  the 
control  will  remain  at  section  A  A  for  any  higher 
head,  and  flow  above  thai  section  will  he  under 
pressure.  Conversely,  for  lower  heads,  the  con- 
trol point   will  move  upward:  above  that   control 
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Figure  117.      Comparison  of  lower  nappe  shapes  for  a  circular 
weir  for  different  heads. 
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Figure  228.      Increased  circular  crest  radius  needed  to  minimiie 
subatmospheric  pressure  along  crest. 
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-Water  surface 


Figure  229.     Comparison  of  drop  inlet  profiles  for  various  flow  conditions. 


point  the  shaft  will  be  under  pressure,  below  that 
control  point  the  shaft  will  be  partly  full.  If  the 
profile  dbe  is  adopted,  once  a  head  is  reached  to 
make  the  shaft  flow  full  at  point  b,  section  A-A 
will  be  the  point  of  control,   and  pressure  flow 


above   the  control  will  prevail  for  that  and   all 
greater  heads. 

For  submerged  crest  flow,  the  corresponding 
nappe  shape  as  determined  from  subsection  205(c) 
for  a  design  head  H0  will  be  such  that  along  its 
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lower  levels  it  will  closelj  follow  the  profile  deter- 

mined  from  equation  (29)  if  //,  approximates  //., 

It  inns!  be  remembered  that  on  the  basil  <»f  the 

assumed  in  equation  (2fl     profile  ahe  will 

be  the  iiiiiiiinuiii  shaft  size  which  will  accommo- 
date the  required  flow  and  that  no  part  <>f  the 
cresl  siiape  should  be  permitted  to  project  inside 

this    profile.      As    has    been    noted    iii    section    192, 

small  subatmospberic  crest  pressures  can  be 
tolerated  if  proper  precautions  are  taken  to  obtain 

a    smooth    surface    and    if    the    negative    pressure 

forces  are   recognized    in    the  structural   design. 

The  choice  iif  the  minimum  crest  and  transition 
lhapes    in    preference    to   some    wider   shape    then 

becomes  a  mat  ter  of  economics,  structural  arrange- 
ment .  and  layout  adaptability 

Where  the  transition  profile  corresponds  to  the 
continuation  of  the  crest  shape  as  determined  hv 
tables  22,  23,  and  24  the  discharge  can  be  com- 
puted from  equation  (28)  using  a  coefficient  from 
figure  223.  Where  the  transition  profile  differs 
from  the  Crest  shape  profile  so  that  a  constricted 
control  section  is  established,  the  discharge  must 
he  determined  from  equation  (29).  On  figure  221 
the  discharge-head  relationship  curve  ag  will  then 

he  computed  from  the  coefficients  determined 
from  figure  224  while  the  discharge-head  relation- 
ship curve  gh  will  he  based  on  equation  (29). 

Conduit  Design.  If,  for  a  designated  dis- 
charge, the  conduit  of  a  drop  inlet  spillway  were  to 
flow  full  below  the  transition  without  being  under 
ire,  the  required  size  of  the  shaft  and  outlet 
leg  would  vary  according  to  the  available  net  head 
■long  its  length.  So  long  as  the  slope  of  the 
hydraulic  gradient  which  is  dictated  by  the 
hydraulic  losses  is  flatter  than  the  slope  of  the 
conduit,  the  flow  will  accelerate  and  the  conduit 
will  decrease  in  size.  When  the  conduit  slope 
becomes  flatter  than  the  slope  of  the  hydraulic 
gradient,  flow  will  decelerate  and  the  conduit  size 
will  increase.  All  points  along  the  conduit  will 
act  simultaneously  to  control  the  rate  of  flow. 
For  heads  in  excess  of  that  used  to  proportion  the 
conduit,  it  will  flow  under  pressure  with  the  con- 
trol at  the  dow  nst  ream  end  ;  for  heads  less  than  that 
used  to  determine  the  size,  the  conduit  will  flow 
partly  full  for  its  entire  length  and  the  control  will 
remain  in  the  transition  upstream.  On  figure  221 . 
the  head  at  which  the  conduit  just  flows  full  is 
represented  by  point  It.  At  heads  ahove  point  h 
the  conduit  (lows  full  under  pressure;  at  heads  less 


than  h  the  conduit  flows  partl\  full  with  con- 
trolling conditions  dictated  h\  the  transition 
design. 

Because  it  is  impractical  to  huild  a  conduit  with 
a  varying  diameter,  it  i^  ordinarily  made  of  con- 
stant size  beyond  the  inlet  transition  Thus,  the 
conduit  from  the  control  point  in  the  transition 
to  the  downstream  end  will  have  an  eXCCSS  of 
area.  If  atmospheric  pressure  can  he  maintained 
along  the  portion  of  the  conduit  flowing  partk 
full,    it    will    continue    to    How    at    that    Btage    even 

though  the  downstream  end  fills.     Progressively 

greater  discharge^  will  not  alter  the  part  full  flow 
in  the  upper  pail  of  the  conduit,  hut  full  flow  con- 
ditions under  pressure  will  occupy  increasing 
lengths  of  the  downstream  end  of  the  conduit. 
At  the  discharge  represented  by  point  h  on  figure 
221,  the  full  flow  condition  has  moved  hack  to  the 
transition  control  section  and  the  conduit  will 
flow  full  for  its  entire  length. 

If  the  conduit  flows  at  such  a  stage  that  the 
downstream  end  flows  full,  both  the  inlet  and  out- 
let will  he  sealed.  To  forestall  siphon  action  hy 
the  withdrawal  of  air  from  the  conduit  would 
require  an  adequate  venting  system.  I  nless 
venting  is  effected  over  the  entire  length  of  con- 
duit, it  may  prove  inadequate  to  prevent  suh- 
atmospheric  pressures  along  some  portion  of  the 
length,  because  of  the  possibility  of  sealing  at  any 
point  by  surging,  wave  action,  or  eddy  turbulences. 
Thus,  if  no  venting  is  provided  or  if  the  venting  is 
inadequate,  a  make-and-break  siphon  action  will 
attend  the  flow  in  the  range  of  discharges  ap- 
proaching full  flow  conditions.  This  action  is 
accompanied  by  erratic  discharges,  by  thumping 
and  vibrations,  and  by  surges  at  the  entrance  and 
outlet  of  the  spillway. 

To  avoid  the  possibility  of  siphonic  flow  con- 
ditions, the  downstream  conduit  size  for  ordinary 
designs  (and  especially  for  those  for  higher  beads) 
is  chosen  so  that  it  will  never  flow  full  beyond  the 
inlet  transition.  To  allow  for  air  hulking,  surging, 
etc.,  the  conduit  size  is  selected  so  that  its  area 
will  not  flow  more  than  7.">  percent  full  at  the 
downstream  end  at  maximum  discharges.  Under 
this  limitation,  air  ordinarily  will  he  able  to  pass 
up  the  conduit  from  the  downstream  portal  and 
thus  prevent  the  formation  of  suhatmospheric 
pressure  along  the  conduit  length.  Precautions 
must  he  taken,  however,  in  selecting  vertical  or 
horizontal    curvature    of    the    conduit    profile    and 


322 


alinement  to  prevent  sealing  along  some  portion 
by  surging  or  wave  action. 

(f)  Design  Example. — The  following  example 
illustrates  the  procedure  for  designing  a  morning- 
glory  type  of  drop  inlet  spillway.  Consider  that 
an  ungated  drop  inlet  spillway  which  is  to  operate 
under  a  maximum  surcharge  head  of  10  feet,  but 
which  must  limit  the  outflow  to  2,000  second-feet, 
is  to  be  designed.  Determine  alternate  crest 
shapes  and  discharge  head  relationships,  consider- 
ing (1)  that  the  crest  radius  must  be  minimized  be- 
cause the  intake  is  formed  as  a  tower  away  from 
the  abutment  and  that  subatmospheric  pressures 
along  the  overflow  crest  can  be  tolerated,  and  (2) 
that  the  crest  can  be  of  any  size  because  it  is 
located  on  a  knoll  at  the  abutment  and  that  it  is 
desired  to  keep  subatmospheric  pressures  along 
the  crest  to  a  minimum.  In  either  case  the  con- 
duit must  not  flow  more  than  75  percent  full  at 
the  downstream  end.  The  controlling  dimensions 
are  as  shown  on  figure  230. 

Case  1. — Radius  of  crest  to  be  minimized  and 
subatmospberic  pressures  may  be  tolerated. 
P 


DESIGN  OF  SMALL  DAMS 


Assume  ^->2  (see  fig.  222). 
Rs 


The  value  of  /?, 


is  determined  by  means  of  a  trial  and  error  pro- 
cedure of  assuming  values  of  Rs  and  computing 
the  discbarge. 

Ho 

R, 


Assume  i?s  =  7.0  feet.      -j~- 


:ML..43.     F„r^ 


=  1.43  and  p->2,  from  figure  223,  C0=  1.44.    Then 

Q=C0(2ttRs)H03'2=IA4     (2*-)  (7.0)   (10)3/2  =  2,010 

second-feet,  which  is  approximately  the  required 

zjt 
discharge.     From    figure    225   for    -^=1.43    and 

P        M 

D->2>rr  =  1. 014  ;#f  is  equal  to  1.014#o=  1.014(10) 
R*        ti„ 


=  1.45. 


=  10.14  feet.     Then  ^  is  equal  to  ^1 

Using  table  22,  points  on  the  profile  of  the  crest 
shape  which  conforms  to  the  lower  nappe  surface 

TT 

for  an  -^=1.45  are  computed  by  interpolation  and 

plotted  as  shown  on  figure  231. 

The  next  step  is  to  determine  the  transition 
shape  which  will  be  required  to  pass  2,000  second- 
feet  with  an  H0  of  10  feet  above  the  crest  (water 
surface  elevation  110).  This  shape  is  determined 
by  the  use  of  equation  (29): 


fl  =  0.204 


Q1' 


HJ» 


=0.204 


(2,000)1/2     9.12 


H* 


H* 


Points  on  the  transition  are  computed  as  shown  in 
the  following  table  and  plotted  on  the  same  sheet 
on  which  points  for  the  crest  shape  have  already 
been  plotted  (fig.  231). 


Elevation  of  section 

H* 

H.H 

9.12 

100 

10 
12 
14 

16 
18 
22 

1.78 
1.86 
1.93 
2.00 
2.06 
2.17 

5  13 

98 

4  90 

96 

4  72 

94 

92 

4.56 
4  43 

88..   .. 

4  20 

A  smooth  curve  is  drawn  through  the  controlling 
points  on  the  crest  and  transition  shapes,  deter- 
mining the  final  shape  of  the  crest  and  transition. 
The  last  step  is  to  determine  the  minimum  uni- 
form conduit  diameter  which  will  pass  the  flow 
from  the  transition  section  to  the  conduit  portal 
without  the  conduit  flowing  more  than  75  percent 
full.  The  procedure  is  as  follows:  (1)  Select  a 
trial   conduit   and   throat   diameter  and  find   the 
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Figure  230.     Drop  inlet  spillway — profile  (or  illustrative  example. 
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corresponding  throat  location,  (2)  compute  the 
length  from  transition  throat  to  outlet  portal, 
(3)  approximate  the  friction  losses  in  the  conduit 
by  assuming  the  conduit  flows  three-fourths  full 
for  its  entire  length,  and  (4)  check  the  elevation 
of  the  invert  at  the  outlet  portal  required  to  pass 
the  design  discharge  through  the  selected  size 
conduit.  After  an  approximate  conduit  size  has 
been  determined  in  this  manner,  it  should  be 
checked  by  computing  the  water  surface  profile 
through  the  conduit  by  means  of  open  channel 
flow  computations. 

For  this  problem  assume  a  conduit  diameter  of 
9.0  feet.  From  figure  231,  a  radius  of  4.5  feet  is 
found  to  be  at  6.9  feet  below  the  crest.  Thus  the 
elevation  of  the  9.0-foot-diameter  throat  is  93.1. 
The  tunnel  length  may  be  scaled  or  calculated  by 
approximate  methods.  In  this  example  the  ap- 
proximate tunnel  length  is  270  feet.  Assuming 
that  the  conduit  flows  75  percent  full, 

Area=0.75(7r)(4.52)=47.7  square  feet 
2,000 


Velocity = 
,       41. 92 


47.7 
=  27.3  feet 


41.9  feet  per  second 


*      64.4 
From  table  B-3  (appendix  B),  for  75  percent  full 

flow,  —=0.702   and  r=0.2964(9.0)  =  2.67.     Using 

a  value  of  n  of  0.018  to  maximize  the  losses,  by 
Manning's  equation  (equation  (SO),  appendix  B), 

c~(      m      Y  f  C41-9>(°018>  T-0  07 

Vl.486r2/V      L(l-486)(2.67)2/3J  ' 

and  ^=0.07X270=18.9  feet. 

The  invert  elevation  at  the  downstream  portal 
of  the  conduit  will  then  be  equal  to  (1)  the  eleva- 
tion of  the  throat,  plus  (2)  the  velocity  head  at 
the  throat,  minus  (3)  the  velocity  head  in  the 
conduit  flowing  75  percent  full,  minus  (4)  the 
friction  losses  in  the  conduit,  minus  (5)  the  depth 
of  flow  at  the  downstream  portal.  The  required 
portal  invert  elevation  for  this  trial  conduit  di- 
ameter is  approximately: 

Invert  elevation  =  93.1+— (110  — 93.1)  — 27.3  — 


18.9-0.702(9.0) 


=  93.1  +  15.4 
6.3  =  56.0 


27.3  -  18.9 


Since  the  outlet  portal  invert  elevation  required 
for  the  9.0-foot-diameter  conduit   is  lower   than 


the  established  elevation  60.0,  this  conduit  is  too 
small  and  a  larger  size  must  be  selected. 

Assume  a  new  trial  conduit  diameter=9.50 
feet  at  throat  elevation  96.4. 

The  approximate  tunnel  length  equals  273  feet. 
Assuming  that  the  conduit  flows  75  percent  full, 

Area  =  0.75(ir)(4.75)2=53.2  square  feet 

„  ,     .         2,000     0„  _  , 

\  elocity=-^7rrr=37.6  feet  per  second 


53.2 


h.= 


(37.6)' 


=21.9  feet 


64.4 
=0.702  and  r=0.2964(9.5)=2.82. 


D 

Using  Manning's  equation, 

.6)(0.018)~»2 


j,      273r(37.6)(0.018)T 

/'/_":/'5Ll-486(2.82)2/3J  ~14^  leet 
The  required  portal  invert  elevation  for  a  9.50- 
foot  conduit  diameter  is  approximately: 


Elevation  =  96.4 +T^  (110-96.4)  —21.9- 


14.2- 


0.702(9.5) 
=  96.4  +  12.4 
66.0 


21.9  —  14.2  —  6.7  = 


Although  this  elevation  is  somewhat  higher  than 
the  established  portal  invert  elevation  60,  actual 
losses  through  the  conduit  will  be  larger  than  those 
estimated  on  the  basis  of  the  conduit  flowing  75 
percent  full  throughout  its  length.  Therefore, 
the  9.50-foot-diameter  conduit  appears  to  be, 
for  all  practical  purposes,  the  minimum  uniform 
diameter  conduit  meeting  the  requirements  of  the 
problem.  Computations  of  the  water  surface 
profile  through  the  9.50-foot-diameter  conduit 
shown  in  table  25  are  then  performed  in  order  to 
verify  the  approximate  solution  given  above. 
These  computations  are  based  on  Bernoulli's 
theorem  (equation  (32),  app.  B). 

Discharge-head  computations  for  this  design  are 
shown  in  table  26.     For  the  lower  range  of  heads 

TT 

the  coefficient  relationships  of  various  -^  values 

are    obtained    from    figure    224,    assuming   a  co- 

efficient  of  3.75  for  an  -^  value  of  0.3.     For  the 

higher  ranges  of  head  the  discharges  can  be  ob- 
tained from  equation  (29)  using  a  throat  radius 
of  4.75  at  elevation  96.4.  Smooth  curves  are  then 
plotted  for  both  head  range  computations.  The 
intersection  of  the  curves  is  replaced  by  an  ap- 
proximate transition  curve  to  more  nearly  repre- 
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Tabu  26      Wait    rurfac*  proflh  amputation*  foi 

|Q-  .  >l-U.Ulh| 
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- 
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108  8 
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a 
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.55 
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UK 
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Tabli  26.     Computation*  for  ducharge  curve  for  cat*  I 

/.' .        0  ft  •  t 


II.  it  on 

Cm)  o'MroI 

1  iniiat  control 

f<-»-t 

H. 

• 

Q-C{2wl:.  11, 

//. 

1 

u  14 
.29 
.43 

3.75 
3.58 

157 
820 

3 

7.6 
9.6 
11  6 
13.6 

1.500 

1,080 

1.850 

2.000 

•Cm-lTicii-ni  <>I3  78MUBMd  for      '  -0.3  ifrom  flf.  223).     Cmtlinrnts  for  -— 

tit  K> 

nhM  nihcr  than  0  ho*  n  on  II 

scut  actual  conditions.  The  discharge  curve  is 
plotted  on  figure  232.  The  computations  show 
that  the  conduit  will  be  only  70  percent  full  at 
the  downstream  end;  therefore  the  design  is 
satisfactory. 

Cast  .'  Radius  of  crest  to  !><•  determined  to 
minimize  Bubatmospheric  pressures  along  crest. 

First  determine  the  minimum  crest  radius  for 
the   given   ff,=  10feet    and   Q  =  2,000  second-feet 

p 
similar  to  case  l .     Assume  7r— 0.1")  and,  as  in  case 

K, 

1,  by  trial  and  error  determine  value  of  /.',. 

/.       -n    r  ft     10      .   A.}       v        &« 

Assume   /f,=  /.0   feet,    -^-  =  -=-=1.4.*.     ror    -=- 

/> 
=  1.43    and    -^=0.1.")    from    figure   223,    C,=  1.55. 

Then  Q=C,{2wR,)H.%n=\.bb  (2tr)  (7.0)  (10)3/2 
=  2,1.")")    Becond-feet.     Since    a    2,000-second-fool 

discharge  is  required,   the  assumed  value  of  I!,  is 

too  large. 

Assume     R,=6.7     feet.      -7-^=^=1.49.      From 

figure   223    f0=l.49   and   Q=  1,985   Becond-feet, 

winch  is  approximately  the  required  discharge. 

4-<4.-,.-,.;  o     60 23 


Using  the  value  of    .,"  thus  computed,  enter 
fl 

figure  22s  and  find   the  approximate   increased 

crest  radius  required  to  minimize  Bubatmospheric 

//  /' 

pressures.     For    77^=1.49,    -^=1.74,    and    K',= 

1.74(0.7)=  11.7    feet;    use    11.75    feet.      Points    on 
the  profile  of  the  crest  shape  which  conform  to  the 

TV 

lower  nappe  surface  for  an      ,'  =  0.30  and  R',=  1  1 .75 

are  computed  using  values  from  table  24  and  are 
plotted  as  shown  on  figure  231. 

Computations  for  the  required  transition  shape 
to  pass  2,000  second-feet  with  a  head  of  10  feel 
on  the  crest  are  identical  to  those  given  in  case  1. 
Figure  231  shows  the  plotted  points  and  the  crest 

and  transition  curves. 

From  an  inspection  of  the  plotting  of  the  transi- 
tion and  crest  shapes  for  case  2,  it  can  be  seen 
that  the  conduit  diameter  for  case  1  is  too  large 
for  case  2.  If  the  9.5-foot-diameter  conduit  used 
in  case  1  were  used  in  case  2,  a  smooth  transition 
connecting  the  crest  and  conduit  would  he  con- 
siderably outside  the  transition  shape  determined 
by  equation  (29).  This  means  that  for  a  head  of 
10  feet  on  the  crest,  the  discharge  would  no  Longer 
be  limited  to  2,000  second-feet  by  the  transition 
but  would  increase  because  of  the  larger  size 
transition.  The  resulting  discharge  would  be 
approximately  2,400  second-feet.  This  discharge 
not  only  exceeds  the  maximum  discharge  assumed 
in  the  problem,  but  also  would  require  a  larger 
uniform-diameter  conduit  in  order  to  pass  the 
discharge  and  not  flow  more  than  7.")  percent  full. 
A  still  larger  uniform-diameter  conduit  with  a 
still  larger  maximum  discharge  would  finally  have 
to  be  adopted  to  obtain  a  satisfactory  hydraulic 
design.      If.  however,  a  smaller  imiforin-diameter 
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conduit  is  chosen,  it  is  apparent  that  the  conduit 
will  flow  more  than  75  percent  full  at  the  down- 
stream end. 

The  simplest  solution  to  this  problem  is  to 
vary  the  diameter  of  the  conduit.  An  upstream 
diameter  is  chosen  based  on  the  crest  profile  and 
transition  where  they  converge.  This  procedure 
establishes  a  throat  of  the  size  necessary  to  limit 
the  maximum  discharge  to  2,000  second-feet. 
At  some  suitable  location  downstream  from  the 
throat,  the  conduit  is  enlarged  to  prevent  it  from 
flowing  more  than  75  percent  full.  Location  of 
the  enlargement  is  determined  by  economic  or 
construction  considerations  to  meet  hydraulic 
requirements. 

For  this  problem,  a  conduit  diameter  of  8.25 
feet  is  selected  with  the  throat  at  elevation  86.0. 
It  will  be  assumed  that  the  most  economical 
design  is  obtained  by  extending  the  8.25-foot- 
diameter  conduit  to  the  point  where  it  flows  75 
percent  full,  at  which  point  the  conduit  is  eidarged 
to  the  diameter  needed  to  make  it  flow  75  percent 
full  at  the  downstream  portal.    In  order  to  deter- 


mine the  point  at  which  the  tunnel  must  be 
enlarged,  water  surface  profiles  are  run  down- 
stream by  the  step  method  as  shown  in  table  27. 
A  bend  radius  of  16.5  feet  (2D)  is  used.  The 
table  shows  that  the  conduit  must  increase  in 
size  starting  at  the  P.T.  of  the  vertical  bend, 
station  1  +  16.5.  The  downstream  size  of  the 
conduit  may  be  approximated  by  assuming  a 
given  size  conduit  flowing  75  percent  full  at  the 
downstream  portal  and  using  the  distance  from 
enlargement  to  portal  as  one  reach  in  the  water 
surface  profile  computations.  Although  this 
method  results  in  losses  slightly  larger  than 
would  be  obtained  by  using  shorter  reaches,  it  is 
sufficiently  accurate  to  determine  conduit  size 
if  the  length  of  the  conduit  downstream  from  the 
expansion  is  not  excessively  long.  Use  of  shorter 
steps  and  an  assumed  minimum  value  of  n  would 
be  required  to  determine  the  depth  and  velocity 
at  the  downstream  portal  for  use  in  designing  an 
energy  dissipator.  The  transition  from  the  smaller 
to  the  larger  diameter  conduit  should  be  propor- 
tioned as  explained  in  section  197(b). 


Table  27. —  Water  surface  profile  computations  for  case  2  (varying  diameter  conduit) 

I  Q=2,000  second-feet.    n=0.018] 


Station 

±L 

Trial 
d/D 

d 

a 

r 

h. 

r 

r^s 

s 

Jl+Sj 

2 

AAi 

ZAAl 

d2+h.2 

+2AA/. 

Invert 
elevation 

Datum 
gradient 

Remarks 

1+00 

1.00 

53.5 

37.4 

21.7 

2.06 

1.62 

0.078 

86.0 

107.7 

1+16. 5 

30 

0.6 

.7 

5.0 

5.8 

33.5 

40.0 

59.7 
50.0 

55.4 
38.9 

2.29 
2.44 

1.74 
1.81 

.173 
.112 

0.125 
.095 

3.8 
2.9 

3.8 
2.9 

61.2 
47.6 

61.0 

125.2 
108.6 

OK. 

Try  9.50-foot-diameter  conduit  flowing 

75  percent  full  at  the  porta 

3+50 

234 

.702 

6.7 

53.1 

37.7 

22.1 

2.81 

1.99 

.052 

.082 

19.  2          22. 1 

50.9 

60.0 

110.9 

Too  high. 

Try  9.75-foot-diaraeter  conduit  flowing 

75  percent  full  at  the  porta 

1 

3+50 

234 

.702 

6.8 

56.0 

35.7 

2.89 

2.  03            .  045 

.078 

18. 3     I     21. 2 

47.8 

60.0 

107.8 

OK. 

Discharge-head  relationships  for  this  case  are 
computed  similarly  to  those  for  case  1.  The 
throat  radius  in  this  instance  is  4.13  feet  at 
elevation  86.0.  Computations  are  shown  in  table 
28.   This  discharge  curve  is  plotted  on  figure  232. 

206.  Culvert  Spillways. — (a)  General. — As  de- 
scribed in  section  186(h),  the  culvert  spillway 
ordinarily  consists  of  a  simple  culvert  conduit 
placed  through  the  dam  or  along  the  abutment, 
generally  on  a  uniform  grade  with  the  entrance 
placed  vertically  or  inclined.     The  culvert  cross 


section  might  be  round  if  it  is  constructed  of 
fabricated  or  precast  pipe,  or  it  might  be  square, 
rectangular,  or  of  some  other  shape  if  cast  in 
place.  The  culvert  can  freely  discharge,  or  it  can 
empty  into  an  open  channel  so  that  the  outflowing 
jet  is  supported  along  the  channel  floor. 

The  factors  which  combine  to  determine  the 
nature  of  flow  in  a  culvert  spillway  include  such 
variables  as  the  slope,  size,  shape,  length,  and 
roughness  of  the  conduit  barrel,  and  the  inlet 
and   outlet   geometry.      The   combined   effect   of 
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these  factors  determines  the  location  <>f  the 
control  which  in  turn  determines  the  discharge 
characteristics  <»f  the  conduit.     The  location  of 

the    control    dictates    whether    the    conduit    flows 

parti)    full  or  full   and    therein    establishes   the 
head-discharge  relal  ionship. 
'The  grade  of  the  conduil    might    be   mild   or 

p;  tlint  is.  its  slope  ma\  he  Hatter  or  Steeper 
than  one  which  for  a  given  discharge  will  just 
Blipporl  How  at  the  critical  stage.  For  either 
the  mild  or  ateep  slope  the  control  may  be  either 
at    the   inlet    or   the   outlet,   depending    on    the 

entrance  geometr}    and    head    relationship  and   on 

the  How  conditions  at  the  outlet.  The  various 
condition-  which   may  govern  a   particular  How 

are  illustrated  on   figure  233. 

If  the  inlet  is  not  submerged  the  control  for  a 
conduit    on    a    mild   slope   flowing   partly    full    will 
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Figure  232.      Drop  inlet  spillway — discharge  curves 
for  illustrative  example. 

usually  be  at  the  outlet.  If  the  outlet  dischai 
freely  the  How  at  that  point  will  pa>->  through 
critical  depth.  This  condition  i>  -down  as  0  in 
figure  233.  If  the  tailwater  is  high  enough  to 
maintain  a  depth  greater  than  critical,  the  tail- 
water  level  will  control  the  How  in  the  upstream 
barrel.  If  the  tailwater  sul,merLrc>  the  outlet,  the 
conduit  might  How  full  for  its  entile  length  and 
thus  submerge  the  inlet.  This  How  condition  i- 
depicted  as  ©  on  figure  2'.Y.i.  Until  the  conduit 
Hows  full,  the  How  ordinarily  will  he  at  sub- 
critical  stage  and  the  discharge  relationships  will 
be  determined  according  to  the  Bernoulli  equa- 
tion   with    computations   starting   at    the   outlet 
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Figure  233.      Typical  flow  conditions — culvert  spillways  on  mild  and  sleep  slopes. 
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Where  the  reservoir  level  submerges  the  inlet  and 
where  yy  exceeds  1.2,  the  control  at  critical  depth 

may  occur  at  the  inlet,  if  the  culvert  is  relatively 
short  so  that  a  jump  does  not  form  within  the 
barrel.    This  condition  is  illustrated  as  ©. 

When  the  conduit  is  on  a  steep  slope  and  the 
entrance  is  not  submerged,  the  flow  will  be  con- 
trolled by  critical  depth  at  the  inlet,  as  indicated 
by  condition  ®  on  figure  233.  The  water  surface 
will  drop  rapidly  to  critical  depth  at  the  entrance, 
and  open  channel  flow  at  supercritical  velocities 
will  exist  throughout  the  conduit  barrel.  Dis- 
charge for  a  given  reservoir  level  will  be  governed 
by  channel  or  weir  flow,  assuming  critical  depth 
to  occur  at  the  culvert  entrance. 

After  the  inlet  has  been  submerged  or  where  H 
exceeds  about  1.2D,  it  is  still  possible  to  have  open 
channel  flow  at  supercritical  stage  in  the  conduit 
barrel,  as  depicted  for  condition  ©,  if  the  control 
remains  at  the  entrance.  In  this  case  flow  at  the 
inlet  is  analogous  to  orifice  or  sluice  flow.  This 
flow  condition  is  contingent  on  the  formation  of  a 
contraction  at  the  top  of  the  entrance  so  that  an 
airspace  is  maintained  along  the  top  of  the  barrel 
to  permit  part  full  flow  throughout  the  conduit 
length. 

As  the  head  at  the  entrance  and  the  resulting 
discharge  increase,  channel  friction  or  local 
disturbances  may  force  the  barrel  to  flow  full  near 
the  outlet,  thus  sealing  the  conduit  at  the  down- 
stream end.  The  high-velocity  flow  in  the  culvert 
will  carry  away  some  of  the  air  trapped  at  the  top 
of  the  barrel,  thus  reducing  the  pressure  in  the 
conduit  to  less  than  atmospheric.  Furthermore, 
if  the  entrance  is  shaped  to  eliminate  the  inlet 
contraction,  the  barrel  will  start  to  flow  full  near 
the  inlet,  after  which  the  full  flow  zone  will  extend 
rapidly  down  the  conduit  toward  the  outlet.  The 
effect  of  the  full  flow  condition  will  be  a  draft 
tube  action  (similar  to  siphonic  action)  which  will 
increase  the  discharge.  The  increased  discharge 
will  cause  a  deeper  drawdown  just  upstream  from 
the  inlet.  A  vortex  will  form  and  air  which  will 
thus  be  introduced  into  the  culvert  will  break  the 
draft  tube  action.  The  reduction  in  discharge  will 
result  in  the  return  to  orifice  control  at  the  inlet. 
Immediately,  the  full  flow  action  will  begin  again 
and  the  cycle  will  be  repeated.  This  alternate 
priming  and  breaking  action  will  cause  a  pulsating 
flow   stage   with   the   slug   flow   phenomenon   in- 


dicated by  condition  ©  on  figure  233.     When  the 

IT 

reservoir    stage    condition    is    such    that    the    y> 

ratio  exceeds  1.5,  the  entrance  drawdown  may 
be  insufficient  to  interfere  with  the  full  flow  action, 
and  a  steady  state  of  full  pipe  flow  indicated  by 
condition  ©  will  prevail. 

If  it  is  intended  that  the  spillway  conduit  not 
flow  full,  the  geometry  of  the  inlet  becomes  an 
important  consideration.  The  inlet  must  be 
shaped  to  obtain  a  maximum  discharge  efficiencv 
and  yet  maintain  a  top  contraction  which  will 
provide  a  freely  aerated  surface  in  the  conduit 
barrel  for  all  reservoir  stages.  The  sharp-edged 
square  inlet  produces  the  desired  contraction 
without  materially  reducing  the  discharge  capac- 
ity. The  inlet  contraction  can  also  be  formed 
(but  at  reduced  hydraulic  capacity)  by  a  projecting 
inlet,  a  mitered  inlet  with  a  downstream  sloping 
face,  an  inlet  orifice  ring  which  is  made  smaller 
than  the  remainder  of  the  conduit,  or  a  curtain 
wall  closing  off  the  top  of  the  conduit  entrance. 
If  the  conduit  is  permitted  to  flow  full  at  the 
higher  reservoir  stages,  the  control  will  be  at  the 
outlet  and  the  geometry  of  the  inlet  has  much  less 
significance.  For  this  case  the  inlet  must  be 
shaped  to  minimize  the  jet  contraction  to  avoid 
separation  of  the  incoming  flow  from  the  conduit 
barrel,  since  it  is  desired  to  obtain  full  pipe  flow 
for  all  conditions  except  when  the  inlet  is  not  sub- 
merged. The  more  streamlined  shape  will  reduce 
entrance  losses  for  the  full  pipe  flow  condition. 
The  suppression  of  the  contraction  is  achieved  by 
rounding  the  inlet  or  by  providing  a  gradually 
tapering  transition  to  the  conduit  barrel. 

Culvert  inlets  may  have  many  variations  in 
approach  conditions,  in  cross-sectional  shapes,  and 
in  entrance  arrangements.  For  example,  an 
entrance  may  be  rounded,  beveled,  square  or 
bellmouthed;  it  may  be  installed  either  flush  with 
or  protruding  through  a  vertical  or  sloping  head- 
wall.  The  approach  to  the  inlet  may  or  may 
not  be  a  well-defined  channel.  Wing  walls  or 
warped  transition  approaches  may  be  utilized. 
In  cross  section,  a  culvert  entrance  may  be  round, 
square,  rectangular,  or  arch  shaped.  All  such 
variations  have  a  marked  bearing  on  the  culvert 
performance,  as  they  affect  orifice  discharge,  inlet 
contractions,  and  the  entrance  losses  for  full  pipe 
flow. 
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\  common  arrangement  for  i  circular  pipe  cul- 
\.n  installation  provides  for  a  vertical  headwall 
wiili  the  f > i i >«.•  end  placed  flush  with  the  wrall 
Similarly,  box  culverl  arrangements  usuall)  in- 
volve n  trapezoidal  approach  channel  with  vertical 
or  warped  approach  walls  leading  t<>  the  culverl 
entrance  The  hydraulic  design  of  these  two 
i  \  p.  -  of  installation  is  discussed  in  detail. 

b  Circular  Conduit  with  Vertical  Headwall. 
Figure  234  shows  head-discharge  relationships 
for  a  circular  conduil  placed  Mush  with  a  vertical 
headwall,  for  both  square-edged  and  rounded 
inlets  This  plotting  is  based  on  an  average  <>f 
numerous  experimental  tests  [16,  17.  is.  19]  of 
pipe  culverl  entrances  with  the  conduil  placed  on 
steep  Blopes.  The  head-discharge  relationships 
for  the  square-edged  inlel  arc  based  on  the  control 
remaining  at    tin-   inlel    for  all   reservoir   heads. 


Where  the  ,f  values  are  less  than  about    I  2,  the 

lluu  characteristics  arc  those  of  critical  depth  flow 
in  a  circular  pipe,  modified  onh   l>\   the  effecU 

the  jet  contraction.      For  ,    ranges  above  I  2  the 

ll<»\\   characteristics  arc  those  of  orifice  oi    sluice 
llow      Since  the  conduil  is  considered  to  be  flowing 

parti}  full  at  supercritical  stage  for  all  ,.  rai 

indicated,   the  downstream  conditions   will   have 
no  influence  on  the  discharge. 
On  figure  234  the  head-discharge  relationships 

for  the  rounded  inlel   for  values  <>f   ,    less  than 

aboul   1.2  lie  to  the  right  of  those  for  the  Bquare- 
edged  inlet,  indicating  slightly  greater  dischaij 
for  equal  size  conduits.      The  increased  discha 
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Figurt  234.      Head-discharge  curves  (or  square-edged  and  rounded  inlets  for  circular  culverts  on  steep  slopes. 
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capacity  through  the  critical-depth  flow  range  is 
the  result  of  improved  streamlined  flow  brought 
about  by  the  suppression  of  the  inlet  contractions. 

For  -j=)  values   exceeding   1.2   the   pulsating  flow 

characteristics  will  begin  and  the  discharge-head 
relationship  in  this  range  of  flow  will  be  uncertain; 
it  cannot  be  determined  until  the  flow  stabilizes  as 
full  flow  stage.  Since  full  pipe  flow  is  governed 
by  control  at  the  outlet,  the  head-discharge  re- 
lationship can  be  determined  by  the  application 
of  Bernoulli's  theorem.     Referring  to  figure  235, 


D 

9 


Similar] 


HT=H+L  sin 

HT=ht  +  he  +  hf,  or 


(30) 


(3i; 


where  Ke  is  the  entrance  loss  coefficient  and  /  is 
the  friction  loss  coefficient  in  the  Darcv-Weisbach 


ir 


formula,  /(,=/—  -J—  (see  sees.  227  and  228). 
D  2g 

Combining  equations   (30)    and    (31),   dividing 

by   D,   and  stating  the  equation  in   terms  of  Q 

instead  of  v, 


H.L    . 
D+Dsm 


'-2=0.0252 


l+Ke+f 


)<*) 


Tk)     (32) 


In  the  above  equation,  it  is  assumed  that  the 
culvert  discharges  freely  at  the  outlet  and  that 
the  pressure  line  at   the  outlet  is  approximately 
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at  the  center  of  the  pipe.  If  the  outlet  discharges 
into  a  channel  so  that  the  outflowing  jet  is  sup- 
ported, equation  (32)  becomes: 

g+^  sin  6- 1.0=0.0252  (l+^+/^)(^J 

(33) 
Equations  (32)  and  (33)  are  for  full  flow  con- 

TJ 

ditions.     They  are  expressed  in  terms  of  yy  and 

Q 
2=r  so  that  by  referring  to  figures  233  and  234  it 

can  be  determined  whether  or  not  the  full  flow- 
condition  exists. 

Where  friction  losses  are  to  be  based  on  values 
of  Manning's  friction  factor,  n,  the  value  of  f  in 
the  Darcy-Weisbach  formula  can  be  determined 
from  figure  B-7  (app.  B).  Appropriate  values 
of  n  are  given  in  section  228(b).  Values  of  Ke 
for  various  entrance  conditions  have  been  de- 
termined by  different  experimenters,  with  results 
ranging  in  the  values  shown  below: 

\itr- 
Range  agt 

For  square-edged  inlets  installed  flush   with        0.43  to  0.70 _.        0.50 

vertical  headwalls. 
For  rounded  inlets  installed  flush  with  vertical        0.08  to  0.27 .  10 

headwalls,  -^>0.15. 

For   grooved   or   socket-ended   concrete    pipe        0.10  to  0.33 .15 

installed  flush  with  vertical  headwall. 
For  projecting  concrete  pipe  witti  grooved  or        .20 

socket  ends. 
For  projecting  steel  or  corrugated  metal  pipes.        0.5  to  0.9 .85 

Nomographs  for  determining  flow  in  circular 
pipes    with    entrance    control    and    flowing    full, 


-Reservoir   surface    elevation 


hSA  =  Subatmospheric  '  '  t 
pressure  head  on  i  M- 
crown  of  inlet  — 


(approx) 


entra 


Figure  235.     Hydraulic  characteristics  of  full  pipe  flow  for  culvert  spillways. 
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which  have  been  developed  l>.\  the  U.S.  Bureau 
of  Public  Roads,  are  included  in  appendix  B. 
These  can  be  used  as  design  aids  in  determining 
How  111  circular  culverl  spillways.  Figure  B  8 
[i  for  flow  in  concrete  pi i >«-  culverts  having 
entrance  control  and  the  following  types  <>f  en- 
trances i'  Headwall  with  square-edge  entrance, 
(2)  beadwall  with  groove-end  pipe,  and  (3)  head- 
wall  with  groove  end  of  pipe  projecting.  Figure 
ll  'i  i-,  for  How  in  corrugated  metal  pipe  culverts 
having  entrance  control  and  the  following  types 
of  entrances  i  Flush  headwall,  (2)  end  mitered 
inform  to  Blope,  and  (3)  projecting  pipe. 
KiLT'n «*  B  I"  is  for  concrete  pipe  culverts  flowing 
full,  based  on  a  value  of  n  0.012  and  entrance 
lo-~<  coefficients  of  0  1,  0.2,  and  o..>.  Figure  B  ll 
i^  for  corrugated  metal  pipe  flowing  full,  based 
on  a  value  <>f  "  0.024  and  entrance  lo-.s  co- 
efficients of  0.5  and  0.9. 

/,'  i  Culvert  with  Vertical  or  Warping  Inht 
Walls.  If  the  inlet  is  such  thai  the  bottom  and 
side  contractions  will  be  suppressed,  ll» <\\  through 
n  Im>\  culvert  on  a  steep  Blope  can  alternately  go 
through  the  three  distinct  phases  of  How  described 
previously,  depending  on  submergence  conditions 
and  on  the  factors  which  dictate  Mow  conditions 
within  the  conduit . 

conditions  when  the  inlet  is  not  submerged, 
critical  How  will  occur  in  the  region  of  tin  inlet,  in 

i-ase  foi  a  rectangular  section, 

3Y 


''-yV""  i --y; 


Relating  tins  equation  of  critical  How  to  the  dis- 
chargi 

^I'Vy -)  34 

where  W  18  the  width  at    the  culvert  entrance. 

When  the  conduit  entrance  becomes  submerged, 

the  How    may  he  considered   analogous  to   that   of 

a  sluice  if  the  entrance  has  a  square  edge  al  the 
top  For  this  condition,  top  contraction  of  the 
jet  w  ill  occur,  and  How  can  be  computed  according 
in  orifice  How.  or  Q  CA^2gh-  The  coefficient 
C depends  on  whether  the  area  .1  is  defined  a^  the 

area  of  the  opening,  the  area  of  the  contracted  jet, 

•  1 1 it-  similar  referenced  area.  Similarly,  the 
coefficient  will  depend  on  the  definition  of  the 
head  //.  whether  it   is  measured  to  the  I  *  >  I  > .  center, 

or  bottom  of  the  opening.  Ordinarily,  for  a 
square-edged  orifice  in   a    vertical   headwall   the 


idnpti  'I  i 

Figure  236.      Coefficient  of  discharge  for  submerged  box 
culvert  spillway  with  square-edged  top  opening. 

area  is  measured  at  the  plane  of  the  headwall  few  e 
(designated  as  a).  If  the  head  is  measured  from 
the    water   surface    to    the    bottom    of   the   opening 

(designated  as  //>,  the  discharge  can  be  computed 
bj  t  he  equation  : 

Q=C^2gH,  or  Q    CjoDfigH 

where  I>  is  the  height  of  the  opening.     Values  of 

( ',,  as  determined  from  experiments  [20)  are 
plotted  on  figure  '2'M\. 

As  with  circular  culverts,  full  flow  in  box  culverts 
depends  on  suppression  of  the  top  contraction. 
Full  culvert  flow  will  he  governed  by  control  at 
the  outlet,  and  discharge-head  relationships  can 
he  computed  according  to  the  equation: 

V    a^2g(HT-hL) 

where  (t  i<  the  area  of  the  culvert  barrel  and  //;  and 
A/,  are  heads  as  indicated  on  figure  235. 

Reducing  the  equation  and  expressing  it  in 
terms  of  (he  entrance  loss  coefficient,  K„  and  id 
the  friction  loss  coefficient,  Manning's  /<, 


Q=oVln 


11+ L  sin  8— 


/> 


\+Kt- 


29.1n'Z 

r*/3 


l/i 


: 


where  /  is  the  hydraulic  radius  of  the  culvert 
flowing  full.  The  above  equation  i-  based  on  free 
discharge  at  the  outlet.  If  the  outflowing  jet  i> 
supported,  equation     ;7    will  become: 

"  //•  Lsisxe-D  ~" 
«=«>-•"  29THi   / 

1+Af  + 


Bureau  of  Public  Roads  nomographs  for  dilu- 
tion of  flow    hi   ho\  culverts  are  also  included   in 
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appendix  B.  Figure  B-12  is  for  box  culverts 
with  entrance  control  for  various  positions  of 
the  wingwalls.  The  discharges  are  based  on 
discharge  coefficients  which  approximate  those 
shown  on  figure  236.  Figure  B-13  is  for  concrete 
box  culverts  flowing  full,  based  on  a  value  of 
n  =  0.013,  and  entrance  loss  coefficients  of  0.1, 
0.2,   0.5,   and   0.7 

(d)  Conduit  Pressures. — When  the  grade  of  a 
culvert  spillway  is  greater  than  the  friction 
slope,  for  full  pipe  flow  the  pressure  gradient  will 
lie  below  the  center  of  the  pipe,  as  indicated 
on  figure  235.  The  difference  in  head  between 
this  hydraulic  gradient  and  any  point  on  the  pipe 
vertically  above  it  will  be  the  measure  of  the 
subatmospheric  pressure  that  will  exist  at  the  point. 
Cavitation  will  occur  when  the  subatmospheric 
pressure  approaches  one  atmosphere,  so  that  the 
residual  absolute  pressure  is  near  vapor  pressure. 
Collapsing  can  occur  whenever  the  residual 
pressure  in  the  pipe  is  less  than  atmospheric. 
To  avoid  cavitation  along  the  pipe  surfaces,  the 
minimum  absolute  pressure  must  be  limited  to 
some  value  greater  than  vapor  pressure.  The 
pressure  reduction  in  the  pipe  will  be  greatest 
at  the  crown  immediately  downstream  from  the 
entrance.  It  can  be  reduced  further  by  any 
pressure  drop  caused  by  an  inlet  contraction,  such 
as  a  sharp-edged  or  constricted  opening. 

From  figure  235  it  can  be  seen  that 

hv+he+hr=hSA+(H-D)  (39) 

where : 

hr  =  the  reduction  of  pressure  head  due  to 
contraction,  and 

/i-5x  =  the  resulting  subatmospheric  pressure 
head . 

Vapor  pressure  of  water  varies  with  tempera- 
ture. It  is  equivalent  to  about  0.2  foot  of  head 
at  32°  F.  and  about  1.4  feet  of  head  at  85°  F. 
To  make  sure  that  cavitation  is  avoided  and  to 
allow  for  other  uncertainties,  the  residual  pressure 
ordinarily  should  not  be  significantly  less  than  10 
feet  absolute.  Based  on  probable  minimum 
atmospheric  pressures  at  different  elevations 
above  sea  level,  the  limiting  subatmospheric 
pressures  indicated  in  table  29  are  recommended. 

The  reduction  in  pressure  head  due  to  jet 
contraction  will  depend  on  the  geometry  of  the 
inlet.  For  streamlined  entrances  very  little  re- 
duction   will    be    effected,    but    for    sharp-edged 


Table    29. — Allowable  subatmospheric  pressures  for  conduits 
flowing  full 


Elevation  above  sea  level 

Allowable    sub- 
atmospheric pres- 
sure, hsA,  in  feet  of 

water 

0 

22 
20 

18 
16 

14 

2000 

4000 

6000 

8000 

projecting  inlets  the  reduction  can  be  almost 
equal  to  the  velocity  head.  For  sharp-edged 
square  inlets  the  reduction  in  pressure  may 
approach  0.7hr.  Equation  (39)  written  in  terms 
of  loss  coefficients  (sec.  227)  will  be: 


%-  (K,+Ke  +  Kr)  =hSA+(H-D) ,  or       (40) 


i?      haA+m-D) 

2g    *■     Kr+Ke+Kr 


(41) 


where  KT  is  the  pressure  reduction  coefficient. 

For  a  square-edged  entrance  where  Ke  —  0.5, 
#,=0.7,  Kv=\.0,  #=1.5/9,  and  hSA  (for  an 
installation  at  6,000  feet  above  sea  level)  is  16  feet, 
equation  (41)  will  be  written: 


h, 


16+0.5Z?        16  +  0.5Z) 


1.0+0.5+0.7 


2.2 


For  a  4-foot-diameter  conduit,  the  velocity  head 
is  8.2  feet  and  the  velocity  in  the  conduit  would 
have  to  be  limited  to  about  23  feet  per  second. 
From  equation  (31)  the  total  drop  from  the  reser- 
voir water  surface  to  the  centerline  of  the  down- 
stream end  of  a  200-foot-long  conduit  with  an  j 
value  of  0.023  for  D  =  A  (figure  B-7,  appendix  B, 
for  a  value  of  n  =  0.014)  is: 

ff,=8.2(l.5+/|j),or 

^=8.2(l.5+°^^0)=21.7feet. 

(e)  Antivortex  Devices. — Although  experimental 
tests  have  shown  that  for  a  properly  rounded 
entrance  the  culvert  begins  to  flow  full  after  the 

H 

-=  ratio  exceeds  1.2,  the  full  pipe  flow   condition 

IT 

could  not  be  stabilized  until  an  j?  value  of  1.5  or 
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higher  was  reached  This  condition  was  due  to 
iln-  "alug  How  action"  which  resulted  from  the 
introduction  of  air  into  the  conduit  bj  entrance 
drawdown  and  b}  vortices  immediately  upstream 
fiom  the  inlii  To  reduce  the  range  where  alug 
Bon  action  prevails,  antivortex  devioea  have  been 
H-,  .I  above  conduil  entrances.     These  devices  not 

<nil\   stabilise  the  How    condition  al   a  lower    ,. 

ratio,  I'm  the}  also  help  to  start  the  priming  action 
sooner  The  devices  have  consisted  of  grillages, 
rafts,  or  fixed  solid  hoods  placed  bo  as  to  break  up 
the  vortices  or  to  prevent  their  formation  where 
the}  could  feed  air  into  the  conduil  [24].  In  order 
to  be  effective,  the  hood  or  grillage  must  be  placed 
immediatel}  above  the  entrance  and  must  extend 
nt  least  two  diameters  in  front  of  and  to  each  side 
of  the  inlet. 

Energy  Dissi paten >g,  A  culvert  Bpillwa}  ma} 
discharge  freely  or  it  may  empty  into  an  open 
channel  chute  which  then  conveys  the  How  to  a 
downstream  terminal  structure.  The  How  from  a 
freely  discharging  conduit  mighl  empty  directly 
into  the  natural  stream  channel,  into  a  trapezoidal 
plunge  basin  described  in  section  230(b),  or  into  an 
impact  basin  described  in  section  202.  Where  the 
discharge  from  the  full  flowing  culvert  empties 
into  an  open  chute,  the  hydraulics  beyond  the 
portal  will  be  according  to  open  channel 
Bow,  a--  discussed  in  section  107.  Stilling  devices 
such  n^  those  described  in  sections  198  through  203 
can  be  utilized  to  dissipate  the  energy  of  flow 
before  returning  the  discharge  to  the  river  channel 

Design  Examples.  -To  illustrate  the  pro- 
cedures for  n  culvert  spillway  design,  several 
typical  examples  are  presented. 

Exa  in  ph  /  The  size  of  a  culvert  spillway  re- 
quired to  discharge  100  second-feet  at  reservoir 
elevation  111)  is  to  be  determined.  The  normal 
sill  level  of  the  spillway  entrance  is  al  elevation 
100  The  culvert  is  to  flow  partly  full  for  all 
heads  If  a  circular  conduit  is  selected,  the  di 
procedure  is  as  follow  - 

The  head-diacharge-diameter  relationship  for  a 

circular  conduit  with  entrance  placed  Hush  with  a 
vertical  headwall  can  he  obtained  from  figure  2:54. 
Curve  A  is  used  because  the  conduit  is  to  How 
partly  full.      By  assuming  various  si/.es  of  conduit, 

a  size  can  he  found  which  meets  the  requirements, 

as  follow  - 


\      unie    a    COnduit     ■'<  5    feet     in    diameter,    then 

D"»«23  and  t)' :     (.35      I  ...  i  //    valued 

// 
l> 


l> 


l> 


I  7.".    and    //      6.1        Since    an    //   of    |<)   feel    i^ 


available,  the  culverl  can  be  made  smaller 
\     ■   second    trial,   assume   a   3-foot    conduit 

Then  D*n     15.6  and     '*'      6  n      From  curve   \, 


// 


l> 

t/      1.2  and  //    9.6,  which  approximates  the  io 

feet  available. 

If  a  box  culvert   is  selected,  the  procedure  is 

as  follow  - 

Q    CgwD-figR  (equation  (36)) 
Q 


,rl> 


twiyii 


Assuming   a   2.5-foot-bigh   culvert,    ,       ,  _     1.0, 

I  >      £.5 

and    <\t   from    figure   236   is   approximately   I 

Then 

100 


■>  -, 


..)  //■ 


im;><8.02Xa  10 


==6.6,  and   W      2  »'•  feet . 


Example  2. — Find   the  discharge  through   the 

conduits  in  the  previous  example  if  the  entrances 

are    shaped    to    provide    full    conduit     How.      The 

conduit  length  is  200  feet  and  the  invert  grade  at 

the  outlet  is  elevation  80.0.  The  conduit  dis- 
charges freely  at  the  outlet  end.  The  procedure 
is  as  follows: 

Equation  (32)  may  be  written: 


1  />'V      0.02 .72 


For  a  3-foot  circular  conduit  with  A",  of  0.10 
and/  0.025  (from  figure  B  7,  appendix  II,  for  a 
value  of  B= 0.014), 


(     ^     ) 
V  15.6  I 


1 

0.02  :.2 


10     200.  .  20  _1 
3-1  -'"ii    2 


l+o. in 


0.025 


136 


Q 


and  ,^-=1 1.07.     Then  Q     182 second-feet.    This 

How  will  provide  a  velocit}  of  25.7.  feet  per  second 

in  the  conduit . 
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Equation  (40)  may  be  written  as: 

hSA=Yg  (Kv+Ke+KT)-(H-D). 

The  subatmospherie  pressure  in  the  conduit, 
based  on  a  pressure  reduction  coefficient,  KT,  of 
0.1  and  a  value  of  Ke  of  0.1  for  a  rounded  entrance 
is  equal  to: 


(25.7) : 
64.4 


(1.0  +  0.1 +0.1)- (10.0-3.0)  =  5.3  feet. 


This  subatmospherie  pressure  is  less  than  that 
allowed  in  table  29;  therefore  the  design  is  satis- 
factory. 

For  the  box  culvert  spillway,  from  equation 
(37),  assuming  Ke=0.l  and  n  =  0.014, 


Q=2. 5X2.6X8.02 


10+200X^-1.25 


1+0.1- 


29.1X200(0.014); 

(0.64) 4/3 

=  157  second-feet. 


1/2 


The  velocity  in  the  culvert  will  then  be  about  24 
feet  per  second. 

207.  Siphon  Spillways. — After  it  primes,  flow  in 
a  siphon  spillway  is  comparable  to  that  in  a 
culvert  spillway  and  the  hydraulic  design  criteria 
for  the  latter  will  apph  with  only  slight  variations. 
As  with  the  culvert  spillway,  the  design  of  the 
siphon  spillway  requires  (1)  the  establishment  of 
the  minimum  allowable  absolute  pressures,  (2)  the 
determination  of  the  maximum  corresponding 
throat  velocity,  and  (3)  the  evaluation  of  various 
losses  throughout  the  closed  pipe  system. 

To  determine  the  pressure  conditions  at  the 
crest  of  the  throat  of  the  siphon,  equation  (39) 
can  be  rewritten  as  follows: 


hv,=hSA+hs—Z,hLu 


(42) 


where : 

hVl  =the  velocity  head  at  the  crest  of  the  throat, 
hSA  =  the  subatmospherie  pressure  head  at  the 
crest  of  the  throat  (the  maximum  allow- 
able subatmospherie  pressure  head  is 
equal  to  the  probable  minimum  atmos- 
pheric   pressure    head    at    the    location 


under  consideration,  minus  the  minimum 
tolerable  residual  pressure  head), 
hs=the    head    measured    from    the    reservoir 
water  level  to  the  crest  of  the  throat,  for 
the  condition  when  the  siphon  primes, 
and 
2/iLu  =  the   summation   of   all   head   losses    up- 
stream from  the  throat. 
Subatmospherie  pressure  heads  in  excess  of  those 
indicated  in  table  29  should  be  avoided  at  the 
throat     because     lower     pressures     increase     the 
tendency   of   the   flow    to   part   from    the   crest, 
forming    vapor    pressure    pockets    which    induce 
cavitation  along  the  siphon   barrel   walls.     Such 
action  is  accompanied  by  undesirable  vibration. 
Flow   around   the   upper  bend   of   a  siphon   is 
similar  to  the  action  of  free  vortex  flow  in  which 
the  water  stream  rotates  concentrically  around  a 
central  axis.     For  vortex  flow,  the  velocities  of  the 
flow  elements  vary  inversely  with  increased  dis- 
tances from   the   center   of  rotation.     Expressed 
mathematically, 


vR=A  constant 


(43) 


Thus  it  can  be  seen  that  the  velocity  in  the  upper 
bend  of  the  siphon  will  be  greatest  at  the  inside 
of  the  bend  which  is  at  the  crest  of  the  throat. 
Equation  (43)  can  be  written: 


vxRx=vsRc  or  vx- 


'  R* 


(44) 


where  vx  is  the  velocity  at  Rx  distance  from  the 
center  of  curvature,  and  v„  is  the  velocity  at  the 
crest  of  the  throat  where  the  radius  is  Rc.  The 
discharge,  dq,  of  an  element  of  flow  of  depth  dRx 
in  the  bend  is  equal  to  vxdRx.  Substituting  the 
value  of  vx  from  equation  (44), 


dq- 


v$Rc 

'    R; 


dRx. 


Integrating  between  the  limits  Rc  and  Rs,  where 
Rs  is  the  radius  of  curvature  at  the  summit  of  the 
throat,  results  in  the  following  equation  for  unit 
discharge: 

q=VsRc£s  k  dR*=v°R< logf  jfc     (45) 
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Substituting  \'_'</A     foi         equation  in   be 

written: 


/.' 


Q    8.02  &fh   «  lo 

n 


16 


where  />'  i-  the  width  of  the  throat  section 

Thus  it  can  be  seen  tlmt  the  maximum  allowable 
discharge  for  a  given  value  of  A,,  will  depend  <>n 
the  curvature  of  the  upper  bend.  Once  the  curva- 
ture i-  established,  the  remaining  siphon  com 
ponente  must  !><■  proportioned  so  thai  the  limiting 
residual  pressure  head  at  the  creel  is  maintained. 
Table  20  gives  allowable  Bubatmospheric  pressures 
Koi  simplification,  the  allowable  Bubatmospheric 
pressure  can  l>e  taken  as  0.7  of  the  probable  mini- 
mum atmospheric  pressure,  Hat      Equation  (46) 

then  may  l>e  w  nt  ten  afl 

R, 


g=,soj/>\n.7^rAMog,    *  i: 

'The  discharge  through  a  siphon  depends  on  the 
available  head  from  reservoir  level  to  outlet  level, 

lea  the  accumulated  head  Losses,  including  en- 
trance loss,  friction  loss,  losses  due  to  transitions 
and  bends,  and  the  head  lost  at  the  exit.  The 
above  can  be  stated  and  solved  with  expressions 
similar  to  equations  (5)  and  (7)  in  chapter  IX, 
and  by  relating  the  velocity  heads  for  the  various 
Component  losses  to  that  at  the  throat.  The 
throat  area  is  used  for  area  a.\  in  the  equations. 

Equation  (36)  expresses  the  discharge-head  re- 
lationship of  a  closed  conduit  flowing  full,  where 
the   area   of   the   passageway   is   constant.      For  a 

rectangular  siphon  passageway  where  the  areas 

of  the  upper  and  lower  le<rs  are  the  same  as  that 
of  the  throat,  equation  (36)  can  he  written: 


q=D\2g(HT-hL) 


(48) 


where   D  is   the   height   of  the   throat    and   siphon 
barrel. 

Loss  coefficients  ordinarily  assumed  for  a  typical 
rectangular    siphon    similar    to    that     shown    on 


figure  185,  where  the  mam  siphon  waterway  is  <>f 
constant  section,  are  as  folio*  - 

Entrance  and  converging  transition  lot 


Ar=0.2 


,-  'V 


'V 


Friction  loss,  h,    0.25  > 

Bend  losses  for  upper  and  lower  bends   where 

the  centerline  radius     2.5D.ht    0.42    ' 
Transition  losses    diverging  outlets, 

Transition  losses     converging  outlets, 

hxit   losses,  It,      I    -    I     ; 

where  <;,  and  /',  arc  the  area  and  velocity,  respec- 
tively, at  t  he  t  hroat ,  and  a„  and  r„  are  t  he  area  and 
velocity,  respectively,  at  the  outlet. 

EJquation  (48),   (J      I  >  \2<j\IIr  —  hh\ .   can   he  writ- 
ten in  the  form  : 


9=r/M';///7 


i" 


where  f 'is  a  coefficient  which  will  account  for  the 
various  losses  through  the  siphon  passageway. 
Equating  these  two  expressions  for  7  and  solving 
for  < ', 


( 


■=r- 


T  —  f'L 


The  arrangement  and  design  of  a  typical  low- 
head  siphon  spillway  is  shown  on  figure  237.  The 
figure  includes  an  explanation  of  the  design  ar- 
rangement, a  recommended  design  procedure,  and 
approximate  maximum  values  for  the  coefficients 
of  discharge,  C,  for  given  assumptions  of  losa 
The  use  of  these  discharge  coefficients  will  provide 
satisfactory  residual  pressures  at  the  crest  of  the 
t  hroat 


G.    STRUCTURAL  DESIGN  DETAILS 


208.  General.  The  structural  design  of  a  spill- 
way and  the  selection  of  specific  structural  details 
follow    the  determination  of  the  spillway  type  and 

arrangement  of  components  and  the  completion 
of  the  hydraulic  design. 


Usually  the  foundation  material  of  a  spillway  is 
not  competent  to  resist  the  destructive  action  of 
high-velocity  Hows;  therefore,  a  non-crodihle  lining 
Ordinaril)  must  lie  provided  along  the  spillwav 
Waterway.      This    lining    may    he    of    wood,    steel, 
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bandlaid  grouted  riprap,  rubble  masonry,  or 
Such  lining  serves  to  prevent  erosion, 
reduces  friction  losses  b>  providing  smooth  bound- 
ing surfaces  for  the  channel  (which  also  permits 
smaller  hydraulic  sections  .  and  provides  a  re- 
latively watertight  conveyance  channel  for  direc- 
ting flow  past  the  < linn  Economy  and  durability 
most  often  favor  concrete  as  the  appropriate 
lining  material  for  water  conveyance  Btructui 

\  spillwa}  can  be  constructed  on  almosl  any 
foundation  capable  <>f  sustaining  applied  loads 
without  undue  defoiiiiai mn  Although  it  is  not 
ueualh  advisable,  a  -pdlwa\  can  be  placed  on  the 
fare  of  an  earthfill  dam  or  through  the  dam.  pro- 
vided precautions  are  taken  in  the  selection  of 
design  details  to  accommodate  settlement  and  to 
prevent  leakage  from  the  structure.     The  type  of 

walls,  linings,  and  associated  structures  of  a  -pill- 

wa\  and  the  details  of  the  design  will  depend  on 
the  nature  of  the  foundation  For  Instance,  the 
details  of  the  design  for  a  Bpillway  founded  en- 
tirely in  rock  will  differ  from  one  constructed  on 
day  Structural  details  will  differ  according  to 
foundation  bearing  capabilities,  settlement  or 
heave  characteristics,  and  permeability  and  Beep- 
features.  Although  concrete  walls,  linings, 
and  associated  structure-  may  be  adequate  to 
withstand  normal  hydrostatic  and  earth  loadings, 
they  must  also  he  arranged  to  allow  for  movements 

due  to  temperature  change,  and  for  unequal  or 
large  foundation  settlements  and  beavings  because 
of  frost  action.  Provisions  must  also  lie  made  for 
handling  leakage  from  the  channel  or  underseepage 

from  the  foundation  which  might  cause  saturation 
oi  the  underlying  materials  and  large  uplifts 
against  the  structure  undersurfai 

Subsequent  sections  discuss  the  structural  de- 
signs of  open  channel  spillways,  including  crest 
structures,  walls,  channel  linings,  and  miscel- 
laneous details.  The  structural  designs  of  spill- 
way conduits  and  tunnels  are  similar  to  those  for 
outlet  conduits  and  tunnels  which  are  discussed 
in  chapter  I  X 

209.  Crest  Structures  and  Walls.  Spillway  con- 
trol structures  and  overflow  crests  against  which 
reservoir  heads  act  are  essentially  overflow  dams, 
and  spillway  abutment  structures  or  flanking 
dike-  are  -miliar  to  concrete  nonoverflow  dams  or 
earthfill  embankments.  The  design  of  earthfill 
dams  is  described   in   chapter  V:  the   design   of 


overflow  and  nonoverflow  concrete  dam-  i-  dis- 
cuased  in  chapter  Y 1 1 

The  nature  or  type  of  confining  side  walls  for 
open  channel  spillways  will  depend  on  the  material 

Upon  which   they  arc  founded  and  on    the  loading 

10  which  they  will  he  subjected.      For  Bpillwa) 

channels  excavated  in  rock  or  firm  material,  and 
where  sloping  of  the  wall  face-  i-  pel  mi  — ihle,  lining 
placed  directly  against    the  excavated  slopes  nniv 

oiler  sufficient  stability  for  forming  the  channel 
sidewalk       Otherwise,    self-supporting    retaining 

walls  of  the  gravity,  cantilever,  or  countei  foiled 
type  will  he  required  Where  the  channel  id  a 
-mall  spillwa\  is  relatively  narrow  and  unequal 
settlement  i-  UOt  expected,  the  walls  and  floor  can 
he  made  continuous  a-  a  monolithic  fluine-t  \  pe 
Hon  for  increased  stahility  and  simplification  of 
details  Where  uplift  under  the  structure  i-  a 
consideration,  a-  may  he  the  case  at  a  Btilling  basin, 
the  flume-type  structure  will  offer  a  more  -tahle 
and  secure  structure. 

The  design  of  a  gravity  or  reinforced  concrete 
retaining  wall  is  similar  to  that  for  a  gravity  dam. 
in  that  the  stahilitx  against  sliding  and  overturn- 
ing and   the  magnitude  and  distribution  of  the 

foundation  reaction  resulting  from  the  weight  and 

applied    loads   must    he   determined.      Methods   of 

analyzing  gravity  structures  for  stahility,  including 
allowable  sliding  factors,  and  for  determining 
foundation  reactions  are  discussed  in  chapter  VII. 
Suggested  allowable  bearing  values  are  presented 
in  appendix  ( '. 

Earth  loadings  are  assumed  on  the  basis  of 
equivalent  fluid  pressures,  based  on  cohesionless 
soil,  as  given  by  Hankine.  Figure  C  1  (app.  (') 
gives  criteria  for  determining  earth  loadings  on 
vertical  and  inclined  walls.  Wall  footings  must  he 
safeguarded  against  frost  heaving, and  the  wall  pan- 
els must  he  articulated  to  provide  for  adjustments  in 
the  event  of  foundation  yielding  or  unequal  settle- 
ment. To  avoid  differential  settlement  in  soft  or 
yielding  foundations,  wall  footing  dimension- 
should  he  -elected  to  minimize  foundation  load 
concentrations  and  to  provide  nearly  uniform 
bearing  reaction-  aero--  the  base  areas. 

Inlet  channel  and  chute  walls  may  he  subject 
to  various  combinations  of  loading.    When  flow  is 

occurring  through  the  spillway,  hydrostatic  load- 
on  the  outside  of  the  wall  tend  to  olfsel  the  loads 
Caused  bj   backfill.     If.  however,  the  fill  has  shrunk 
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away  from  the  walls,  the  wall  members  may  be 
subject  to  full  outside  waterload  before  the  de- 
flection is  sufficient  to  gain  support  from  the  back- 
fill. This  condition  is  more  likely  to  exist  where 
the  wall  leans  into  the  backfill.  On  the  other  hand, 
when  the  reservoir  is  drawn  down  below  spillway 
level,  there  is  no  spill  through  the  structure  and 
the  walls  will  be  subject  to  full  backfill  loads 
without  any  support  from  waterloads.  The  struc- 
tural design  of  wall  members  must  recognize  all 
these  possibilities  of  loading.  In  the  case  of  the 
assumption  that  the  backfill  may  not  be  tight 
against  the  wall  to  help  support  the  wall  against 
water  pressures,  an  increase  in  allowable  stresses 
may  be  considered. 

When  permeable  backfill  is  placed  behind  still- 
ing basin  walls  or  when  the  back  of  the  wall  is 
partly  exposed  to  tailwater,  the  water  pressure 
resulting  from  tailwater  will  need  to  be  added  to 
the  backfill  loading.  For  higher  spillway  dis- 
charges, the  water  level  inside  the  basin  will  be 
depressed  by  the  profile  of  the  jump  and  an  un- 
balanced hydrostatic  load  acting  to  overturn  the 
walls  will  occur.  The  design  loading  assumptions 
must  recognize  this  condition  of  unbalanced  pres- 
sures as  well  as  the  increased  uplift  forces  when 
sliding  and  overturning  analyses  are  considered. 

210.  Open  Channel  Linings. — Floor  pavings  are 
provided  primarily  to  form  a  reasonably  water- 
tight protective  surfacing  over  the  channel  to 
prevent  erosion  or  damage  to  the  foundation. 
During  spillway  flows,  the  floor  is  subjected  to 
hydrostatic  forces  due  to  the  weight  of  the  water 
in  the  channel,  to  boundary  drag  forces  due  to 
frictional  resistance  along  the  surface,  to  dynamic 
forces  due  to  flow  impingement,  to  uplift  forces 
due  to  reduction  of  pressure  along  the  boundary 
surface,  or  to  uplift  pressure  caused  by  leakage 
through  joints  or  cracks.  When  there  are  no 
spills,  the  floor  is  subject  to  the  action  of  the 
elements  including  expansion  and  contraction  due 
to  temperature  variations,  alternate  freezing  and 
thawing,  and  weathering  and  chemical  deteriora- 
tion; to  the  effects  of  settlement  and  buckling; 
and  to  uplift  pressures  brought  about  by  under- 
seepage  or  high  ground-water  conditions.  Since 
it  is  not  always  possible  to  evaluate  the  various 
forces  which  might  occur  nor  to  make  the  lining 
heavy  enough  to  resist  them,  the  thickness  of  the 
lining  is  most  often  established  on  a  more  or  less 


arbitrary  basis;  and  underdrains,  anchors,  cutoffs, 
etc.,  are  utilized  to  stabilize  the  floor. 

To  provide  a  relatively  watertight  lining  which 
will  withstand  reasonable  weathering  and  abrasion, 
and  which  will  hold  up  against  ordinarily  ex- 
perienced forces  caused  by  expansion,  contraction, 
frost  heave,  and  settlement  -of  the  foundation,  a 
nominal  minimum  thickness  of  8  inches  is  recom- 
mended for  small  spillways  when  the  lining  is 
placed  directly  on  rock.  When  the  lining  is 
placed  on  earth  or  on  an  intervening  gravel  layer, 
a  somewhat  thicker  slab  should  be  provided  to 
forestall  cracking  or  buckling  if  expansion  and 
contraction  can  move  or  displace  the  slab. 

When  a  spillway  channel  is  excavated  in  rock, 
the  paving  slab  is  cast  directly  on  the  excavated 
surface.  Anchor  bars  grouted  into  holes  drilled 
into  the  rock  can  be  provided  to  tie  the  paving 
to  the  foundation.  A  slab  which  is  bonded  to  the 
foundation  may  not  move  as  the  result  of  ex- 
pansion and  contraction.  Instead,  numerous 
cracks  which  in  effect  divide  the  slab  into  a  series 
of  small  individual  blocks  will  occur.  Reinforce- 
ment therefore  must  be  provided  to  tie  these  in- 
dividual blocks  together  and  to  distribute  the 
cracking  and  minimize  the  crack  openings.  Typical 
details  for  paving  slabs  on  rock  are  shown  on 
figure  238(A).  The  anchorage  provided  increases 
the  effective  weight  of  the  slab  against  displace- 
ment by  the  amount  of  foundation  rock  to  which 
the  anchors  can  be  tied.  Depth  and  spacing  of 
anchors  will  depend  on  the  nature  of  the  bedrock, 
its  stratification,  jointing,  weathering,  etc.  The 
anchor  should  be  of  sufficient  size  to  hold  the 
weight  of  the  foundation  to  which  it  is  anchored 
without  exceeding  the  yield  stress  of  the  steel. 
A  gridwork  of  underdrains  laid  with  open  joints 
in  gravel-filled  trenches  is  provided  to  prevent  a 
buildup  of  uplift  under  the  paving.  When  leakage 
through  the  joints  is  to  be  minimized,  metal  or 
rubber  waters  tops  are  provided. 

When  a  spillway  channel  is  excavated  through 
earth,  the  paving  slab  may  be  cast  directly  on 
the  excavated  surface,  or  an  intervening  pervious 
blanket  may  be  required,  depending  on  the  nature 
of  the  foundation  as  related  to  its  permeability, 
susceptibility  to  heaving  from  frost  action,  and 
heterogeneity  as  it  may  affect  differential  settle- 
ment. Because  the  slab  is  not  bonded  to  the 
foundation,  it  is  subject   to  movement  from  ex- 
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LATERAL   JOINTS  IN  CHUTE    LINING 


(B)  TYPICAL   FLOOR   LINING  ON  EARTH   FOUNDATIONS 
Figure  238.      Floor  lining  details  lor  spillway  channels. 


pansion  or  contraction,  and  it  must  be  restrained 
from  creeping  when  it  is  constructed  on  a  Blope. 
This  restrain!  is  best  achieved  l>\  cutoffs  which  cum 

he  held  in  a  more  or  less  fixed  position  uitli  respect 

to  the  slab  and  to  the  foundation,  or  by  tieing  the 
slab  to  walls,  piles,  or  similar  rigid  members  of 

the  Spillway  st  met  lire.  Since  the  Blab  18  rehiti\  el\ 
free  to  move  upon  the  foundation,  the  movement 
will  lake  place  from  the  fixed  edges  and  the  paving 

should     he     reinforced     sufficiently     to     permit     its 


>lidin<r  without  cracking  of  the  concrete  or  yielding 
of  the  reinforcement.  To  assist  further  in  holding 
the  slab  to  the  foundation,  hull)  anchors  are  some- 
times employed  as  shown  on  figure  238(B).  The 
anchor  in  this  instance  in  effect   ties  the  Blab  to 

a  cone  of  earth,  the  volume  of  which  will  depend 
on  the  anchor  depth  and  spacing  and  on  the  angle 
of  internal  friction  of  the  soil. 

A    pervious   gravel    blanket    is   often    provided 

between    the    Blab    anil    the    foundation    when    the 
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foundation  is  sufficiently  impervious  to  prevent 
leakage  from  draining  away,  or  where  it  is  subject 
to  capillarity  which  will  draw  moisture  to  the 
underside  of  the  lining.  The  blanket  serves  not 
only  as  a  free-draining  medium  but  also  aids  in 
insulating  the  foundation  from  frost  penetration. 
The  thickness  of  the  blanket  thus  depends  on  the 
climate  at  the  site  and  on  the  susceptibility  of  the 
foundation  to  frost  heaving.  A  gridwork  of 
underdrains  laid  with  open  joints  in  gravel  and 
bedded  on  a  mortar  pad  to  prevent  the  founda- 
tion material  from  being  leached  into  the  pipe  is 
provided  as  a  collecting  system  for  the  seepage. 
The  network  of  drainage  pipe  empties  into  one 
or  more  trunk  drains  which  carry  the  seepage 
flows  to  outlets  through  the  channel  floor  or  walls. 

In  stratified  foundations,  ground  water  or 
seepage  can  cause  uplift  on  layers  below  the  floor 
lining,  and  drainage  holes  are  sometimes  augered 
into  the  underlying  material  and  backfilled  with 
gravels  to  relieve  the  underpressure. 

When  watertightness  of  the  paving  against 
exterior  water  heads  is  required,  metal  or  rubber 
waterstops  are  installed  to  seal  the  joints.  Such 
seals  are  provided  in  floor  slabs  upstream  from 
the  control  structure  if  watertightness  is  desired 
to  increase  the  percolation  path  under  the  struc- 
ture. They  are  commonly  provided  at  transverse 
joints  along  concave  curved  portions  of  the 
downstream  channel  where  the  dynamic  pressures 
on  the  floor  cause  a  high  head  for  introducing 
water  into  the  joint.  Seals  may  be  desirable  along 
longitudinal  joints  in  a  stilling  basin  on  a  perme- 
able base.  Differential  heads  resulting  from  the 
sloping  water  surface  of  the  jump  can  cause  a 
circulating  flow  under  the  slab  if  leakage  is 
allowed  to  enter  the  joint  at  the  downstream 
end  of  the  basin  and  to  flow  out  of  the  joint  at 
the  upstream  end. 

Lateral  joints  over  which  flow  velocities  are 
high  are  arranged  so  that  the  upstream  edge  of 
the  lower  slab  cannot  heave  without  moving  the 
lower  edge  of  the  upper  slab  a  like  amount; 
further,  the  lower  slab  edge  is  constructed  about 
one-half  inch  lower  than  the  upper  slab  edge. 
These  provisions  are  made  to  forestall  a  high 
buildup  of  dynamic  head  at  the  joint  which  would 
result  if  the  surface  of  the  downstream  slab  were 
to  project  above  the  surface  of  the  upstream  slab. 
The  dynamic  head  could  introduce  water  at  high 


pressure  under   the  slab,   which   would  result  in 
uplift  or  dislodgement. 

Contraction  joints  are  generally  placed  from 
25  to  50  feet  apart  in  both  the  floor  and  walls. 
Joints  are  also  provided  where  angular  changes 
of  the  floor  surface  occur  and  where  they  are 
required  to  avoid  reentrant  angles  in  the  slab 
which  often  cause  cracking  of  the  paving.  The 
use  of  joint  fillers  in  contraction  joints  should  be 
minimized  because  deterioration  of  the  filler  will 
result  in  an  open  joint  which  is  difficult  to  main- 
tain. If  joints  are  provided  at  the  indicated 
spacings,  the  contraction  or  expansion  movements 
may  not  be  severe  and  filler  material  in  the  joint 
may  not  be  necessary.  Floor  slabs  can  be  con- 
structed in  alternate  panels;  the  initial  placement 
shrinkage  of  the  concrete  may  then  afford  sufficient 
joint  opening  for  subsequent  expansion.  Keyed 
joints  in  thin  floors  and  walls  which  may  be  sub- 
jected to  differential  movement  are  unsatisfactory, 
since  inequalities  in  deflection  across  the  joint 
will  place  high  stress  on  the  keys  or  keyways  and 
cause  them  to  spall.  An  unkeyed  joint  with  slip 
dowels  is  a  better  detail. 

Water  normally  will  stand  in  a  stilling  basin 
whose  floor  is  at  a  lower  level  than  the  river 
channel.  With  this  condition  the  foundation 
under  the  basin  will  be  permanently  saturated. 
When  the  water  is  lowered  in  the  basin,  the  floor 
can  be  subjected  to  an  uplift  equal  to  the  tail- 
water  head  or  higher  if  the  pressure  is  augmented 
by  head  from  a  higher  source.  During  times  of 
spillway  discharge,  the  water  weight  in  the  basin 
will  be  reduced  because  of  the  slope  of  the  jump 
profile,  and  at  the  upstream  end  of  the  basin  the 
uplift  will  far  exceed  the  downward  weight.  The 
basin  floor  must  be  heavy  enough  to  withstand 
this  unbalanced  waterload,  unless  an  adequate 
drainage  system  is  installed  to  relieve  the  uplift 
pressure  when  jump  sweep-out  occurs.  Since  a 
drainage  system  cannot  be  considered  entirely 
effective  because  of  the  possibility  of  clogging  or 
silting  of  the  drain  outlets,  the  floor  slab  is  usually 
made  sufficiently  heavy  to  resist  the  flotation 
effect  on  the  floor. 

For  design,  the  stilling  basin  floor  is  considered 
to  be  a  free  body  in  static  equilibrium  with  founda- 
tion reactions  balancing  active  loads.  Uplift 
forces  caused  by  hydrostatic  head  on  the  bottom 
of  the  slab  are  counterbalanced  by  the  weight  of 
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the  concrete  and  the  effective  weight  of  the  water 
in  the  basin.  Differential  horizontal  hydrostatic 
i  are  opposed  by  the  sliding  resistance  of  the 
horizontal  leg  of  the  slab  on  the  foundation. 
Equilibrium  sgainsl  rotation  is  achieved  bj 
equating  any  unbalanced  forces  with  i  foundation 
reaction  force  positioned  so  thai  the  momenta  will 
be  Bero  about  any  point. 

An  illustrative  force  diagram  for  a  typical  basin 
analysis  is  Bhown  on  figure  239.  Note  that  the 
il\  uamic  force  vt  bich  \\  ill  occur  because  of  impinge- 
ment of  the  incoming  high-velocity  Mow  on  the 


horizontal  apron  ia  not  included.  Where  chute 
Mocks  or  dentatea  are  used  at  the  upstream  end 
of  the  apron,  reduced  pressure  sonea  opposite  the 
blocks  will  occur.  Because  the  reduced  preesurea 
and  the  impingement  forces  tend  to  offaet  each 
other,  thej  are  both  neglected  in  the  analysis. 
h  will  be  seen  that  the  weight  required  in  the 

floor  will  vary  in  direct   relation  to  the  amount  of 

assumed  uplift.  If  uplift  equal  to  the  head  from 
maximum  tailwater  ia  considered,  the  required 
floor  thickness  will  be  almost  prohibitive.  There- 
fore, an  uplift  based  on  a  lesser  tailwater  level. 


Joint--. 


Slob  reinforced  to 
resist  moments  from 
external  loadings  -  - 


-Outlets  for  basin  underdrainage   system 


Water  surface  profile  of  jump 
for  maximum  discharge;* 


( -Maximum  tailwater  level 
L 


-  -  Concrete  weight 


-Uplift  pressure   diagram 
(A)    LOADINGS    ON    FLOOR 


Net   horizontal 
force    diagram 


?--Net  vertical  force  diagram 


;^ff^ 


"T  Pr 

V.'- Horizontal   sliding   resistances 

(Egual  to  horizontal  component 
of  resultant  force) 

Resultant    reaction  to  place   slab  in   equilibrium  for 
balanced  vertical  forces,  horizontal  forces,  and 
rotation    (Distribution  of  reaction    assumed  to  vary 
linearly    over  length  of  slab.) 


i -i-.-... ..    ....       -i 


(B)    FORCE    DIAGRAMS 

Hgurt  239.      Illustration  of  uplift  force*  acting  on  a  stilling  basin  floor. 
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such  as  that  from  the  normal  tailwater  condition, 
is  generally  assumed  and  reliance  is  placed  on  the 
drainage  system  for  relief  of  greater  uplift  pres- 
sures. Ordinarily  the  outlets  for  the  basin  under- 
drainage  system  are  located  in  the  sills  near  the 
upstream  end  of  the  basin  floor.  The  head  on 
these  outlets  will  be  reduced  when  the  jump 
occurs,  which  facilitates  relief  of  hydrostatic 
pressures  under  the  slab.  The  stilling  basin  floor 
slab  must  be  designed  to  withstand  the  internal 
moments  resulting  from  the  external  loadings 
indicated  by  the  force  diagram.  The  slab  will  be 
thickest  at  the  junction  of  the  sloping  leg  and  the 
horizontal  apron.  Reinforcement  will  be  required 
in  the  slab  to  withstand  the  computed  internal 
stresses. 

211.  Miscellaneous  Details. — (a)  Cutojjs. — One 
or  more  cutoffs  are  generally  provided  at  the 
upstream  end  of  a  spillway  for  various  purposes. 
They  may  form  a  watertight  curtain  against  seep- 
age under  the  structure,  or  they  may  be  used  to 
increase  the  path  of  percolation  under  the  struc- 
ture and  thus  reduce  uplift  forces.  Cutoffs  also 
can  be  used  to  intercept  permeable  strata  in  the 
foundation  so  as  to  minimize  seepage  and  prevent 
a  buildup  of  uplift  pressure  under  the  spillway  or 
adjacent  areas.  When  the  cutoff  trench  for  the 
dam  extends  to  the  spillway,  it  is  generally  joined 
to  the  upstream  spillway  cutoff  to  provide  a  con- 
tinuous barrier  across  the  abutment  area.  In 
jointed  rock  the  cutoff  acts  as  a  grout  cap  for  a 
grout  curtain  which  is  often  extended  across  the 
spillway  foundation. 

A  cutoff  is  usually  provided  at  the  downstream 
end  of  a  spillway  structure  as  a  safeguard  against 
erosion  and  undermining  of  the  end  of  the  struc- 
ture. Cutoffs  at  intermediate  points  along  the 
length  of  a  spillway  are  sometimes  provided  as 
barriers  against  water  flowing  along  the  contact 
between  the  structure  and  the  foundation  and  to 
lengthen  the  path  of  percolation  under  the  struc- 


ture. When  the  spillway  is  a  conduit  under  the 
dam,  the  cutoff  takes  the  shape  of  collars  placed 
at  intervals  around  the  conduit  barrel.  Wherever 
possible,  cutoffs  in  rock  foundations  are  placed  in 
vertical  trenches.  In  earth  foundations  where  the 
cutoffs  must  be  formed  in  a  trench  with  sloping 
sides,  care  must  be  taken  to  compact  the  trench 
backfill  properly  with  impervious  material  to 
obtain  a  reasonably  watertight  barrier. 

(bj  Backfill. — When  a  spillway  is  placed  adjacent 
to  a  dam  so  that  the  impervious  zone  of  the  em- 
bankment abuts  the  spillway  walls,  the  wall  back- 
fill is  actually  the  impervious  zone  of  the  dam  and 
is  similarly  compacted.  Backfill  elsewhere  along 
the  spillway  walls  ordinarily  should  be  free-drain- 
ing material  to  minimize  hydrostatic  pressures 
against  the  walls.  Backfill  other  than  that  ad- 
jacent to  the  dam  may  be  either  compacted  or 
uncompacted.  The  choice  of  backfill  material 
and  the  compaction  methods  used  in  placing  such 
material  will  affect  the  design  loadings  on  the 
walls. 

(c)  Riprap. — When  the  spillway  approach 
channel  is  excavated  in  material  that  will  be 
eroded  by  the  approach  velocities,  a  zone  of  rip- 
rap is  often  provided  immediately  upstream  from 
the  inlet  lining  to  prevent  scour  of  the  channel 
floor  and  side  slopes  adjacent  to  the  spillway  con- 
crete. The  riprap  is  generally  a  continuation  of 
that  along  the  upstream  face  of  the  dam,  is  of 
similar  size  and  gradation,  and  has  similar  bedding. 
Riprap  is  normally  used  in  the  outlet  channel 
adjacent  to  the  downstream  cutoff  to  prevent  ex- 
cessive erosion  and  undermining  of  the  down- 
stream end  of  the  structure.  To  resist  scour  from 
high  exit  velocities,  the  riprap  should  be  the 
largest  size  possible  and  should  be  bedded  on  a 
graded  material.  The  voids  should  be  filled  with 
spalls  to  prevent  the  underlying  material  from 
washing  out,  which  would  cause  the  riprap  to  set- 
tle or  to  be  displaced. 
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Outlet  Works 


C.  J.   HOFFMAN 


A.     GENERAL 


213.  Functions  of  Outlet  Works.  An  outlet  works 
■en  es  to  regulate  or  release  w  ater  impounded  by  a 
(lam  It  uih\  release  incoming  flows  at  a  retarded 
rate,  as  in  the  case  of  a  detention  dam ;  divert  incom- 
ing flows  into  canals  or  pipelines,  as  in  the  case  of  a 
diversion  dam;  or  release  stored  waters  at  such 
rates  as  may  be  dictated  by  downstream  needs, 
evacuation  considerations,  or  a  combination  of 
multiple-purpose  requirements. 

Outlet  works  struct  ures  can  he  classified  accord- 
ing to  their  purpose,  their  physical  and  structural 
arrangement,  or  their  hydraulic  operation.  An 
outlet  works  which  empties  directly  into  the 
river  could  be  designated  a  river  outlet ;  one  which 
discharges  into  a  canal  could  he  classed  as  a  canal 
Outlet;  and  one  which  delivers  water  into  a  closed 
pipe  system  could  he  termed  a  pressure  pipe 
outlet.  An  outlet  works  may  he  described  accord- 
ing to  whether  it  consists  of  an  open  channel  or 
dosed  conduit  waterway,  or  whether  the  closed 
waterway  is  a  conduit  in  cut-and-cover  or  in 
tunnel.  The  outlet  works  may  also  he  classified 
according  to  its  hydraulic  operation,  whether  it 
is  gated  or  ungated  or,  for  a  closed  conduit, 
whether  it  Hows  under  pressure  for  part  or  all  of 
its  length  or  onlj  a-- a  free-flow  waterway.  Typical 
outlet  works  installations  are  shown  on  figures 
240  through  246. 

Occasionally  the  outlet  may  he  placed  at  a 
higher  level  to  deliver  water  to  a  canal,  and  a 
bypass  extended  to  the  river  to  furnish  necessarj 
Bows  below  the  dam.  Such  Hows  may  he  required 
to  satisfy  prior  righl  uses  downstream  from  the 
site;  or  they  may  he  required  for  the  maintenance 
of  a  live  stream  for  ahatement  of  stream  pollution. 
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preservation  of  aquatic  life,  or  stock  watering 
purposes.  For  dams  constructed  to  provide  reser- 
voirs principally  for  recreation  or  fish  and  wild- 
lit.',  a  fairly  constant  lake  level  is  desired  and  an 
outlet    works   may    be    needed    only    to   release    the 

minimum  Hows  which  will  provide  a  live  stream 

below  t  he  dam. 

In  certain  instances  the  outlet  work-,  of  a  dam 
may  he  used  in  lieu  of  a  service  spillway  in  con- 
junction with  an  auxiliary  or  secondary  spillway. 
In  this  event  the  usual  outlet  works  installation 
mighl  he  modified  to  include  a  bypass  overflow, 
so  that  the  structure  can  serve  as  both  an  outlet 
works  and  a  spillway.  Such  structures  are  typified 
by  figures  154  and  246,  for  Wasco  Dam  and 
Lion  Lake  dikes,  respectively.  In  these  installa- 
tions the  overflow  weirs  in  tin-  control  shaft 
automatically  bypass  surplus  inflows  whenever 
the  reservoir  rises  above  normal  storage  level. 

An  outlet  works  may  also  act  as  a  flood  control 
regulator,  to  release  waters  temporarily  stored  in 
flood  control  storage  space  or  to  evacuate  storage 
in  anticipation  of  Hood  inflows.  Further,  the 
outlets  may  serve  to  empty  the  reservoir  to  per- 
mit inspection,  to  make  needed  repairs,  or  to 
maintain  the  upstream  face  of  the  dam  or  other 
structures  normally  inundated.  The  outlets  may 
also  aid  in  lowering  the  reservoir  storage  when  it 
is  desired  to  control  or  to  poison  scrap  fish  or 
other  objectionable  aquatic  life  in  the  reservoir. 

214.  Determination  of  Required  Capacities.  Out- 
let works  controls  are  designed  to  release  water  at 
specific  rates,  as  dictated  hy  downstream  need-. 
Hood    control    regulation,    storage    considerations, 

or    legal    requirements.     Delivery    of    irrigation 

water  is  usually  determined  from  project  or  farm 
needs  and   is   related   to  the  consumptive   use  and 
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(A]   OPEN    CHANNEL   OUTLET   WORKS,  FISH -SCREENED   INTAKE,  RADIAL  GATE    CONTROL 
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Compacted  embankment- - 


Intake  structure- 
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(B)  TRASHRACKED    INTAKE ,  EITHER    PART   FULL  OR   FULL   UPSTREAM   CONDUIT,  RA0IAL   GATE    CONTROL, 
PART   FULL    DOWNSTREAM    CONDUIT    WITH    STILLING    BASIN    INSIDE    CONDUIT 
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(C)    TRASHRACKED    INTAKE,  TOP-SEAL   RADIAL  GATE, 
FREE-FLOW    DOWNSTREAM   TUNNEL 


Stoplog  groove-. 
Sluiceway  channel 
Skimming  wall 


,T— <v    BARTLEY    OIVERSION  DAM 
.-2-I0.3  Top^V  NEBRASKA 


~tt  -Compacted  foundation 
Steel  sheet  piling 


-Stilling^    Filter 
basin 


(D)    SLUICEWAY    APPROACH,  TOP-SEAL    RADIAL  GATE,  PART    FULL    DOWNSTREAM 
CONDUIT    WITH   STILLING   BASIN    INSIDE    CONDUIT 
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(E)   SLUICEWAY    APPROACH,  RECTANGULAR   SLIDE   GATE    CONTROL,     Concrete  flam 
PART   FULL    DOWNSTREAM    CONDUIT    THROUGH    EMBANKMENT 
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(F)   TRASHRACKED    INLET,   SLIOE   GATE    CONTROL,  PART   FULL 
DOWNSTREAM    CONDUIT   WITH   STILLING   BASIN    INSIDE    CONDUIT 


Figure  240.     Typical  low-head  outlet  works  installations. 
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Figure  241.     Typical  free-flow  conduit  outlet  works  installations. 
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Figure  242.      Typical  pressure  conduit  outlet  works  installations. 


to  nn\  Bpecial  water  requirements  of  the  irriga- 
tion Bystem.  Delivery  for  domestic  use  can  be 
nmilarh  established.  Releases  of  flows  to  satisfy 
prior  rights  must  generally  be  included  with  other 
needed  releases.  Minimum  downstream  How--  for 
pollution  abatement,  fish  preservation,  and  other 
companion  needs  may  often  be  accommodated 
through  other  required  releases. 

Irrigation  outlet  capacities  are  determined 
from  reservoir  operation  studies  and  must  be 
based  on  a  consideration  of  a  critical  period  of 
low  runoff  when  reservoir  storages  are  low  and 
daily  irrigation  demands  are  at  then'  peak.  The 
most  critical  draft  from  the  reservoir,  considering 
such  demands  (commensurate  with  remaining 
reservoir  storage)    together  with   prior  rights  or 

other    needed    releases,    generally    determines    the 

minimum  irrigation  outlet  capacity.  These  re- 
quirements are  stated  in  terms  of  discharge  at 
either  a  given  reservoir  content  or  water  surface 
elevation.  Occasionally  outlet  capacity  require- 
ments are  established  for  several  reservoir  con- 
tents or  alternate  water  surfaces.  For  example, 
outlet    requirements    may    be   set    forth    as:    20 


second-feet  capacity  at  reservoir  content  odd 
acre-feet .  and  100  second-feet  capacity  at  reservoir 
content  3,000  acre-feet. 

Evacuation  of  waters  stored  in  an  allocated 
Hood  control  storage  space  of  a  reservoir  can  be 
accomplished  through  a  gated  spillway  at  the 
higher  reservoir  levels  or  through  an  outlet  at  the 
lower  levels.  Flood  control  releases  generally 
can  be  combined  with  the  irrigation  outlet  re- 
leases if  the  outlet  empties  into  a  riser  instead  of 
into  a  canal.  The  capacity  of  the  Hood  control 
outlet  is  determined  by  the  required  time  of 
evacuation  of  a  given  Btorage  space,  considering 
the  inflow  into  the  reservoir  during  this  emptying 
period.  The  combined  Hood  control  and  Irriga- 
tion releases  ordinarily  must  not  exceed  the  safe 
channel  capacity  of  the  river  downstream  from 
the  dam  and  must  allow  for  any  anticipated 
inflows  immediately  below  the  dam.  These  in- 
flows may  be  the  natural  runoffs  or  max  result 
from  releases  from  other  storage  developments 
along  the  river  or  from  adjacent  developments  on 
tributaries  emptying  into  the  river. 

If  an  outlet  is  to  serve  as  a  Bervice  spillway  in 
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Figure  243.     Typical  combined  pressure  and  free-flow  conduit  outlet  works  installations. 
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Figure  244.     Typical  tunnel  outlet  works  installations. 
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releasing  surplus  inflows  from  the  reservoir,  the 
required  discharge  for  this  purpose  may  fix  the 
outlet  capacity.  Similarly,  for  emptying  the 
reservoir  for  inspection  or  repair,  the  volume  of 
water  to  be  evacuated  and  the  allotted  emptying 
period  may  be  the  determining  conditions  for 
establishing  the  minimum  outlet  capacity.  Here 
again,  the  inflow  into  the  reservoir  during  the 
emptying  period  must  be  considered.  The  capac- 
ity at  low  reservoir  level  should  be  at  least  equal 
to  the  average  inflow  expected  during  the  mainte- 
nance or  repair  period.  It  can,  of  course,  be 
assumed  that  any  required  repair  work  might  be 
delayed  until  service  demands  are  light  and  that 
it  will  be  done  at  times  of  low  inflow  and  at  seasons 
favorable  to  such  construction. 

An  outlet  works  cut-and-cover  conduit  or  tunnel 
often  may  be  utilized  for  diverting  the  riverflow 
during  the  construction  period,  thus  avoiding  the 
necessity  for  supplementary  installations  for  that 
purpose.  The  outlet  structure  size  dictated  by 
this  use  rather  than  the  size  indicated  for  ordinary 
outlet  works  requirements  may  determine  the 
final  outlet  works  capacity. 


215.  OutletWorks  Position  in  Relation  to  Reservoir 
Storage  Levels. — The  establishment  of  the  intake 
level  and  the  elevations  of  the  outlet  controls 
and  the  conveyance  passageway,  as  they  relate  to 
the  reservoir  storage  levels,  are  influenced  by 
many  considerations.  Primarily,  in  order  to 
attain  the  required  discharge  capacity,  the  outlet 
must  be  placed  sufficiently  below  minimum  reser- 
voir operating  level  to  provide  head  for  effecting 
outlet  works  flows. 

Outlet  works  for  small  detention  dams  are 
generally  constructed  near  riverbed  level  since 
permanent  storage  space,  except  for  silt  retention, 
is  ordinarily  not  provided.  (These  outlet  works 
may  be  ungated  in  order  to  retard  the  outflow 
while  the  reservoir  temporarily  stores  the  bulk  of 
the  flood  runoff,  or  they  may  be  gated  in  order  to 
regulate  the  releases  of  the  temporarily  stored 
waters.)  If  the  purpose  of  the  dam  is  only  to  raise 
and  divert  incoming  flows,  the  main  outlet  works 
generally  is  a  headworks  or  regulating  structure  at 
a  high  level,  and  a  sluiceway  or  small  bypass  out- 
let is  provided  to  furnish  water  to  the  river  down- 
stream or  to   drain   the  water  from  behind   the 
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Figure  246.     Typical  precast  pipe  oullel  works  installations. 
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dam  during  off-season  periods  For  dams  whicli 
impound  waters  for  irrigation,  domestic  use,  or 
other  conservation  purposes,  the  outlet  works  must 
he  placed  l<>\\  enough  i«>  dran  the  reservoir 
down  to  ili»'  bottom  <>f  the  allocated  storage  space; 
how  <\  er,  it  mi^ht  be  placed  si  some  le\  «■!  above  i  be 
riverbed,  depending  on  the  elevation  «>f  the 
sstsblished  minimum  reservoir  Btorage  level. 

Ii  is  usual  practice  i<>  make  an  allowance  in  the 
bottom  of  n  Btorage  reservoir  for  inactive  storage 
for  sedimenl  deposition,  lish  and  wildlife,  and 
recreation.  The  positioning  of  the  intake  sill 
then  becomes  an  important  consideration,  since 
it  must  be  high  enough  to  prevent  interference 
from  the  Bediment  deposits,  bul  at  the  same  time 
low  enough  to  permit  either  a  partial  or  n  com- 
plete drawdown  below  the  top  <»f  the  inactive 
Btorage. 

A-   is   discussed    in    section    227,    the   size   of   an 

outlet  conduit  for  a  required  discharge  varies 
according  to  an  inverse  relationship  with  the 
available  head  for  producing  tin"  discharge.     This 

relationship    may    l>e    expressed    by    the    following 

equation : 

II  r      A',  A,..'.-//;       K&, 
(I- 

w here: 

//      the  total  available  head  for  producing  How. 
Q=the  required   outlet    works   discharge,   and 

a  — the  required  area  of  the  conduit. 

The  above  relationship  for  a  particular  design  is 
illustrated  on  figure  247(A).  In  this  example,  if 
the  head  available  for  the  required  outlet  works 
discharge  is  increased  from  1.6  to  4.0  feet,  the 
corresponding  conduit  diameter  can  he  decreased 
from  6  to  4.7.")  feet.  This  shows  that  the  conduit 
size  can  he  significantly  reduced  if  the  inactive 
Storage  level  can  be  increased.  The  reduction 
in  active  Btorage  capacity  resulting  from  increasing 

the  inactive  Btorage  level  3  feel   would  have  to  he 

compensated  by  adding  an  equivalent  amount  of 
capacity  to  the  top  of  the  pool.    By  referring  to 

the  reservoir  capacity  curve,  figure  247(B),  it   will 

he  apparent  that  for  equivalent  storages  (repre- 
sented by  <li  and  gk)  the  'A  feet  of  head  repre- 
sented by  ordinate  ed  added  to  obtain  a  reduced 
outlet  works  size  would  require  a  much  smaller 
increase  |  represented  by  the  ordinate/;/)  in  the 
height  of  the  dam.  Thus,  economic  studio  ean 
he  utilized  to  determine  the  proper  outlet  size  in 
relation  to  the  minimum  reservoir  storape  level. 


Where  an  outlet  i-  placed  at  riverbed  level  to 
accommodate  the  construction  diversion  plan  or 
to  drain  the  reservoir,  the  operating  Bill  can  be 

placed  at  a  higher  level  to  provide  a  sediment   and 

debris  basin  ami  other  desired   inactive  stori 

space,    or    the    intake   can    be    designed    to    permit 

raising  the  sill  as  sediment  accumulates.  During 
the  construction   period,   a   temporary    diversion 

Opening  can  he  formed  in  the  base  of  the  intake  for 

handling  diversion  flows  and  later  closed  with  a 
plug.     For  emptying  the  reservoir,  a  bypass  can 

he  installed  around  the  intake  at  riverbed  level, 
either  emptying  mto  the  lower  portion  of  the 
conduit  or  passing  under  it.    Deliver}  of  water  i<» 

a  (anal  at  a  higher  level  can  he  made  h\   a  pie-sure 
riser  pipe  connecting  the  conduit   to  the  canal. 
216.    Conditions    Which    Determine    Outlet    Works 

Layout.    The  layout  of  a  particular  outlet  works 

will  he  mlluenced  by  many  conditions  relating  to 

the  hydraulic  requirements,  to  the  site  adaptability 
and  the  interrelation  of  the  outlet  works  to  the 
construction  procedures,  and  to  other  appurte- 
nances of  the  development.  Thus,  an  outlet 
works  leading  i<>  a  high-level  canal  or  into  a  closed 
pipeline  mighl  differ  from  one  emptying  into  the 

river.  Similarly,  a  scheme  in  which  the  outlet 
works  is  used  for  diversion  might  vary  from  one 
where  diversion  is  effected  by  other  means.  In 
certain  instances,  the  proximity  of  the  spillway 
may  permit  combining  some  of  the  outlet  works 
and  spillway  components  into  a  single  structure. 
As  an  example,  the  spillway  and  outlet  works 
layout  mijrlit  he  arranged  so  that  discharges  from 
both  structures  will  empty  into  a  common  Btilling 
basin.  An  interesting  arrangement  in  which  a 
spillway  and  outlet  works  are  combined  into  a 
single  structure  is  illustrated  on  figure  248.  In 
this  installation  the  outlet  works  intake  encircles 
the  drop  iidet  tower  of  the  spillway,  and  the  outlet 
conduit  extends  along  the  top  of  the  spillway 
conduit  and  empties  into  the  latter  some  dis- 
tance downstream  from  the  spillway  inlet. 

The  topography  and  geology  of  a  site  may  have 
a  great  influence  on  the  layout  selection.  Some 
sites  may  he  suited  only  for  a  cut-and-cover 
conduit  type  of  outlet  works,  while  at  other  sites 
either  a  cut-and-cover  conduit  or  a  tunnel  can  he 
selected.  Unfavorable  foundation  geology,  such 
SS  deep  overburdens  or  inferior  foundation  rock, 
will  obviate  the  selection  of  a  tunnel  scheme.  On 
the    other    hand,    sites    in    narrow    canvons    with 
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RESERVOIR    CAPACITY  -  ACRE-FEET 
(B)    RELATION    OF  CONDUIT   SIZE  TO  NORMAL   STORAGE   LEVEL 


Figure  247.     Relation  of  minimum  design  head  to  conduit  size. 
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Figure  248.      Combined  spillway  and  outlet  works  for  Heart  Butte  Dam  in  North  Dakota. 


steep  abutments  may  make  b  tunnel  outlet  the 
onl\  choice.  Because  of  confined  working  space 
mill  excessive  costs  where  hand  construction 
methods  must  be  employed,  it  is  not  practicable 
to  make  a  tunnel  smaller  than  about  <>  feet  in 
diameter,  [f  constructed  of  precast  material  or 
if  cast-in-place  with  the  inside  bore  formed  by  a 
prefabricated  liner,  a  cut-and-cover  conduit  can 
be  constructed  to  almost  any  size.  Thus  the 
minimum  size  dictated  by  constructed  conditions. 
as  compared  to  the  size  established  by  hydraulic 
requirements,  will  have  considerable  influence  on 
the  choice  of  alternative  cut-and-cover  conduit 
or  tunnel  schemes. 

Some  ^ites  favorable  for  a  tunnel  outlet  ma\ 
have  unfavorable  portal  conditions  which  make 
it  difficult  to  fit  the  inlet  and  exit  structures  ti> 
the  remainder  of  the  outlet  works.  In  this  situa- 
tion, a  central  tunnel  with  cut-and-cover  conduits 
leading  to  and  awaj  from  the  tunneled  portion 
of  the  outlet    may   prove  to  be  feasible.     Such  an 

arrangement  is  shown  on  figure  244  for  (den 
Anne  I  >it in . 

If  water  is  to  be  taken  from  a  reservoir  for  do- 
mestic use.  special  consideration  must  be  given  to 


the  positioning  of  the  intake.  To  assure  the 
proper  quality  of  the  water,  it  may  be  necessary  to 
draw  from  different  levels  of  the  reservoir  at  differ- 
ent seasons  of  the  year  or  to  restrict  the  draft  to 
specific  levels,  depending  on  the  reservoir  stage. 
To  prevent  silt  from  being  carried  into  the  outlet 
system,  intake  locations  at  low  points  or  pockets 
in  the  reservoir  must  be  avoided.  Similarly,  in- 
takes must  not  be  placed  at  points  in  the  reservoir 
where  Stagnant  water  or  algae  can  accumulate  or 
where  prevailing  winds  will  drift  debris  or  un- 
desirable trash  to  the  intake  entrance. 

217.  Arrangement  of  Outlet  Works.  An  outlet 
works  for  a  low  dam,  whether  it  is  to  divert  water 
into  a  canal  or  release  it  to  the  river,  often  ma\ 
consist  of  an  open  channel  or  a  cut-and-cover  si  ruc- 
ture  placed  at  the  dam  abutment.  The  structure 
might  consist  of  a  conventional  open  flume  or 
rectangular  channel  with  a  gate  similar  to  that 
used  for  ordinal  \  spillwa}  installations,  or  it  might 
be  regulated  by  a  Bubmerged-type  irate  placed  to 
close  off  openings  in  a  curtain  or  head  w  all.  Where 
the  outlet  is  to  be  placed  through  a  low  earthfill 
embankment,  a  closed-type  structure  might  be 
used  which  may  consist  of  single  or  multiple  units 
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of  buried  pipe  or  box  culverts  placed  through  or 
under  the  embankment.  Flow  for  such  an  instal- 
lation could  be  controlled  by  gates  placed  at  the 
inlet  or  placed  at  an  intermediate  point  along  the 
conduit,  such  as  at  the  crest  of  the  embankment, 
where  a  shaft  would  be  provided  for  gate  operation. 
Downstream  from  the  control  structure,  the  chan- 
nel would  continue  to  the  canal  or  to  the  river 
where,  depending  on  the  exit  velocities  which  might 
prevail  for  the  particular  installation,  a  stilling 
device  similar  to  one  described  in  chapter  VIII 
might  be  employed.  Figure  240  shows  typical 
installations  of  arrangements  as  described  above. 

For  higher  earthfill  dams  where  an  open  channel 
outlet  structure  would  not  prove  feasible,  the  outlet 
might  be  carried  through,  under,  or  around  the 
dam  as  a  cut-and-cover  conduit  or  through  the 
abutment  as  a  tunnel.  Depending  on  the  position 
of  the  control  device,  the  conduit  or  tunnel  could 
be  free  flowing,  flowing  under  pressure  for  a  portion 
of  its  length,  or  flowing  under  pressure  for  its  entire 
length.  Intakes  might  be  arranged  to  draw  water 
from  the  bottom  of  the  reservoir,  or  the  inlet  sills 
might  be  placed  at  some  higher  reservoir  level. 
Dissipating  devices  similar  to  those  described  in 
chapter  VIII  could  be  utilized  at  the  downstream 
end  of  the  conduit.  The  outlet  works  also  may 
discharge  into  the  spillway  stilling  basin.  Depend- 
ing on  the  method  of  control  and  the  flow  con- 
ditions in  the  structure,  access  to  the  operating 
gates  might  be  by  bridge  to  an  upstream  intake 
tower,  by  shaft  from  the  crest  level  of  the  dam,  by 
walkway  within  the  conduit  or  tunnel  with  en- 
trance from  the  downstream  end,  or  by  a  separate 
conduit  or  tunnel  access  adit.  Typical  arrange- 
ments as  described  above  are  illustrated  on  figures 
241  through  244. 

For  a  concrete  dam  the  outlet  works  installation 
is  usually  carried  through  the  dam  as  a  formed 
conduit  or  a  sluice,  or  as  a  pipe  embedded  in  the 
concrete  mass.  Intakes  and  terminal  devices  can 
be  attached  to  the  upstream  and  downstream  faces 
of  the  dam.  Often  the  outlet  is  formed  through 
the  spillway  overflow  section,  using  a  common 
stilling  basin  to  dissipate  both  spillway  and  outlet 
works  flows.  Where  an  outlet  works  conduit  is 
installed  in  the  nonoverflow  section  of  the  dam  or 
where  an  outlet  must  empty  into  a  canal,  a  sepa- 
rate dissipating  device  will,  of  course,  be  necessary. 
Instead  of  a  large  single  conduit,  multiple  smaller 
conduits  might  be  utilized  in  a  concrete  dam  to 


provide  a  less  expensive  as  well  as  a  more  feasible 
arrangement  for  handling  the  outlet  works  re- 
leases. The  conduits  might  be  placed  at  a  single 
level,  or  for  added  flexibility  they  may  be  posi- 
tioned at  several  levels.  Such  an  arrangement 
would  reduce  the  cost  of  the  control  gates,  because 
of  the  lower  heads  on  the  upper  level  gates. 
Typical  outlet  works  installations  for  concrete 
dams  are  shown  on  figure  245. 

Where  a  diversion  tunnel  is  utilized  during  the 
construction  of  a  concrete  dam,  it  is  often  feasible 
to  convert  the  tunnel  into  a  permanent  outlet 
works  by  providing  outlet  sluices  or  conduits 
through  the  tunnel  plug.  Ordinarily,  the  diver* 
sion  tunnel  for  a  concrete  dam  will  be  in  good 
quality  rock  and  will  therefore  require  a  minimum 
of  lining  protection.  Further,  the  outlet  portal 
of  the  tunnel  will  generally  be  located  far  enough 
downstream  from  the  dam  so  that  no  dissipating 
structure  will  be  needed,  or  at  most  only  a  de- 
flector will  be  required  to  direct  the  flow  to  the 
downstream  river  channel. 

218.  Location  of  OutletWorks  Controls,  (a)  Gen- 
eral.— Where  an  outlet  works  is  ungated,  as  will 
be  the  case  with  many  detention  dams,  the  conduit 
will  act  similarly  to  a  culvert  spillway,  as  described 
in  section  206.  Where  water  must  be  stored  and 
the  release  regulated  at  specific  rates,  control 
gates  or  valves  will  need  to  be  installed  at  some 
point  along  the  conduit. 

Gates  and  valves  for  outlet  works  are  categor- 
ized according  to  their  functional  use  in  the 
structure.  Operating  gates  and  regulating  valves 
are  used  to  control  and  regulate  the  outlet  works 
flow  and  are  designed  to  operate  in  any  position 
from  closed  to  fully  open.  Guard  or  emergency 
gates  are  designed  to  be  utilized  only  to  effect 
closure  in  the  event  of  failure  of  the  operating 
gates,  or  where  unwatering  is  desired  either  to 
inspect  the  conduit  below  the  guard  gates  or  to 
inspect  and  repair  the  operating  gates.  Occasion- 
ally slots  are  provided  at  the  conduit  entrance  to 
accommodate  stoplogs  or  bulkheads  so  that  the 
conduit  can  be  closed  off  during  an  emergency 
period.  For  such  installations,  guard  gates  may 
or  may  not  be  provided,  depending  on  whether  or 
not  the  stoplogs  can  be  placed  readily  if  an 
emergency  arises  during  normal  reservoir  operat- 
ing periods. 

The  control  gate  for  an  outlet  works  can  be 
placed  at  the  upstream  end  of  the  conduit,  at  an 


OUTLET  WORKS 

intermediate  point  along  it-  length,  or  in  Bome 
instances  at  the  lower  end  of  the  structure      Where 

lluw  from  n  rout  ml  «^at «•  i>  released  directly  into 
the  open  as  free  discharge,  onrj  that  portion  of  the 
conduit  upstream  from  the  gate  will  be  under 
pressure  Where  a  control  gate  or  valve  discharges 
into  11  closed  pressure  j >i j »* ■ .  the  control  will  serve 
onh  to  regulate  the  releases;  full  pipe  How  will 
occur  m  tin*  conduit  both  upstream  and  down- 
itream  from  ihe  control  gate.  For  the  pressure- 
pipe  type,  the  locution  of  the  gate  or  valve  will 
nave  little  influence  on  the  design  insofar  as 
internal  pressures  are  concerned.  However,  where 
a  control  discharges  into  b  free  flowing  conduit. 
the  location  of  the  control  gate  becomes  an  im- 
portanl  consideration  in  the  design  of  the  outlet 
The  effects  of  locating  the  control  at  various 
positions  in  a  conduit  are  discussed  m  the  following 
Bubsections. 

Control  ni  Upstream  End  0/  Conduit.  For 
an  out  lei  work-  with  an  upstream  control  dis- 
charging into  a  free-flow  conduit,  part  full  How 
will  occur  throughout  the  length  of  the  structure. 
Ordinarily,  the  operating  head  and  the  conduit 
slope  will  result  in  Mow  at  supercritical  -l:iLr> 
The  -t  met  ma  I  design  of  the  conduit  and  the  safety 
and  practical  aspects  of  the  layout  will  then  he 
concerned  onh  with  the  effects  of  external 
loadings    and    outside    water    pressures    on    the 

structure.       Along    the    upstream     portion    of    the 

conduit  and  extending  until  sufficient  rock  cover 
1-  available  over  a  tunnel  or  until  an  adequate 
thickness  of  impervious  embankment  1-  obtained 
over  a  ciit-and-cover  conduit,  practically  full 
Keervoir  head  will  he  exerted  against  the  outside 
of   the    conduit    barrel.      The   conduit    wall-    must 

therefore  he  designed  to  withstand  such  pressures, 
and  detail-  of  design  must  he  -elected  to  preserve 
the  watertightness  of  the  conduit.  For  a  cut- 
and-cover  conduit  where  settlement  of  the  struc- 
ture due  to  foundation  consolidation  with 
increasing  embankmenl  load  must  be  anticipated, 
special  care  must  he  taken  in  design  details  to 
prevent  the  cracking  of  the  conduit  barrel  and  to 

d  any  formed  joints,  since  cracks  and  open 
joint-  will  invite  excessive  leakage  or  piping  of 

trrounding  embankment  material  into  the  con- 
duit. 

With  the  controls  placed  at  the  upstream  end 

a  conduit,  fishscreens,  Btoplog  Blots,  trasbxacks, 
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guard  gates,  and  regulating  gates  or  valves  can 

all     he    combined     in    a    single    intake    -tincture. 

Tin-  arrangement  will  simplif}  outlet  works 
operation  l>\  centralizing  all  control  feature-  at 
one  point.     Further,  the  entire  conduit   ma\    he 

readih  iinwalered  for  inspection  or  repair  The 
intake  will  con-i-t  of  a  tower  rising  from  the  base 
of  the  outlet   conduit    to  an  operating  deck  placed 

above  maximum  reservoir  water  level,  with  the 

tower  located  in  the  reservoir  area  near  the 
Upstream  toe  of  the  dam.      Access  to  the  -tincture 

operating  deck  will  then  he  possible  only  l>\  boat, 
unless    an    access    bridge    is    provided     from    the 

reservoir  shore  or  from  the  crest  of  the  dam. 
The  intake-  at  Crane  Prairie  and  Crescent  Lake 
Dams  (fig  241)  illustrate  typical  tower  arrange- 
ments Figure  l'.»  is  a  photograph  of  the  intake 
tower  and  access  bridge  at  Crescent  Lake  Dam. 
Figure  92  Bhows  the  intake  tower  at  Crane 
Prairie  I  )am. 

(c)  Control  at  IntermediaU  Point  Along  Con- 
duit. W  here  a  control  gate  is  placed  at  an 
intermediate  point  along  a  conduit  and  di-cha: 
freely  into  the  downstream  section  or  where  the 
How  i>  conveyed  in  a  separate  downstream  pipe, 
the  internal  pressure  upstream  from  the  control 
will  he  approximately  equal  to  full  reservoir  head. 
The  structural  design  and  safety  aspects  of  the 
upstream  portion  will  then  he  concerned  with  the 
effects  of  both  the  external  loadings  and  the 
internal  hydrostatic  pressure  acting  on  the  conduit 
-hell.  The  watertightness  of  the  conduit  in  the 
extreme  upstream  section  will  be  of  less  importance 
because  the  external  and  internal  hydrostatic 
pressure-  will  closely  balance,  and  leakage  into 
or  out  of  the  conduit  will  he  minimized.  How- 
ever, the  external  pressure  around  the  conduit 
will  normally  diminish  with  increasing  distam 
from  the  reservoir.  At  downstream  portions  of 
the  pre— ure  conduit,  there  may  be  an  exec--  of 
internal  pressure  which  could  cause  leak 
through  joints  or  cracks  into  the  material  sur- 
rounding the  conduit  barrel.  The  How  from  -uch 
leaks  might  follow  along  the  outside  of  the 
conduit  to  the  section  not  under  pressure  where 
piping  through  joints  could  occur.  When 
pressure  conduit  is  earned  through  an  embank- 
ment, the  development  of  piping  with  eventual 
failure  of  the  dam  i-  a  possibility.  Where  -uch  a 
conduit    comprises    a    tunnel,    leakage    through 
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seams  in  the  rock  might  saturate  the  hillside 
overburden  above  the  tunnel  and  cause  a  sloughing 
or  landslide  on  the  abutment. 

To  minimize  the  possibilities  of  failures  such 
as  those  described  above,  it  is  normal  practice 
to  limit  the  length  of  the  pressure  portion  of  a 
cut-and-cover  conduit  to  that  part  of  the  outlet 
upstream  from  the  crest  of  the  dam,  or,  in  some 
instances,  to  approximately  the  upstream  one- 
third  of  the  dam  only.  Where  there  is  concern 
regarding  the  watertightness  of  a  pressure  conduit 
in  the  upstream  portion  of  a  dam,  but  there  are 
compelling  reasons  why  the  control  cannot  be 
located  near  the  upstream  end  of  the  conduit, 
that  portion  upstream  from  the  control  may  be 
provided  with  a  steel  liner.  Such  a  detail  was 
employed  at  Shadehill  Dam  (fig.  243). 

For  a  tunnel  installation,  except  for  the  possi- 
bilities of  leakage  discussed  previously,  the 
location  of  the  control  gate  is  not  as  critical  as 
it  is  for  cut-and-cover  outlets.  However,  the 
pressure  portion  of  the  tunnel  ordinarily  should 
not  extend  downstream  beyond  a  point  where 
the  weight  of  the  column  of  rock  above  the  tunnel 
or  the  side  resistance  to  a  blowout  is  less  than  the 
internal  pressure  forces,  unless  the  tunnel  lining 
is  properly  reinforced  to  withstand  the  internal 
pressure  and  a  waterproof  liner  is  provided  to 
prevent  a  buildup  of  hydrostatic  pressures  out- 
side the  lining. 

There  may  be  cases  where  neither  pressure  nor 
free  flow  is  desirable,  either  for  a  portion  of  a 
conduit  or  for  its  entire  length.  Such  instances 
may  occur  where  it  is  expected  that  excessive 
settlement  or  movement  of  the  conduit  will  occur 


and  that  cracking  and  opening  of  joints  cannot 
be  avoided.  In  this  situation,  to  forestall  serious 
leakage  that  would  occur  if  a  free-flow  or  pressure 
conduit  were  used,  a  separate  small  steel  pipe  can 
be  installed  inside  the  larger  conduit  to  convey 
the  flow.  The  control  gate  or  valve  could  be 
installed  at  the  upper  end  of  the  pipe,  at  some 
intermediate  location,  or  at  the  downstream  end. 
If  the  control  gates  are  not  placed  at  the  upstream 
end,  guard  gates  might  be  provided  at  the  up- 
stream end  of  the  pipe  to  effect  closure  in  the 
event  of  a  leak  or  failure  along  any  part  of  the  pipe. 

Where  a  control  gate  discharges  into  a  free-flow 
conduit,  an  access  and  operating  shaft  extending 
from  the  conduit  to  a  level  above  high  water 
surface  in  the  reservoir  will  be  required.  For  a 
cut-and-cover  conduit  under  an  earthfill  dam,  the 
location  of  the  control  gates  is  usually  selected 
so  that  the  operating  shaft  is  positioned  imme- 
diately upstream  from  the  crest  of  the  dam 
(fig.  243).  Where  flows  in  the  downstream  portion 
of  the  conduit  are  carried  in  a  separate  pipe,  a 
control  chamber  is  usually  provided  at  the 
upstream  end  of  the  pipe  (fig.  242). 

The  control  gates  or  valves  for  a  conduit  or 
sluice  through  a  concrete  dam  can  be  positioned 
at  any  point,  either  upstream  to  afford  free  flow 
in  the  sluice  or  at  the  downstream  end  to  provide 
pressure  pipe  flow.  Where  the  sluices  are  placed 
in  the  overflow  section  of  the  dam,  upstream 
gates  controlling  the  entrance  or  valves  operated 
from  an  interior  gallery  in  the  dam  are  ordinarily 
employed.  Where  the  outlets  are  placed  in  the 
nonoverflow  section,  either  upstream  gates  or 
downstream  valves  are  utilized  (fig.  245). 


B.    OUTLET  WORKS  COMPONENTS 


219.  General. — For  an  open  channel  outlet 
works  or  for  a  conduit-type  outlet  where  part  full 
flow  prevails,  the  control  gates  or  valves  are  the 
determining  factors  which  establish  the  outlet 
works  capacity.  Where  an  outlet  works  operates 
as  a  pressure  pipe,  the  size  of  the  waterway  as  well 
as  that  of  the  control  device  determines  the 
capacity. 

The  overall  size  of  an  outlet  works  is  determined 
by  its  hydraulic  head  and  the  required  discharge 
capacity.     The  selection  of  the  size  of  some  of  the 


component  parts  of  the  structure,  such  as  the 
tunnel,  is  dictated  by  practical  considerations  or 
by  collateral  requirements  such  as  diversion. 
Since,  as  discussed  in  part  C  of  this  chapter,  the 
capacity  of  a  closed  system  outlet  is  influenced 
by  the  hydraulic  losses  through  the  components, 
the  sizes  of  various  features  can  be  changed  in 
relation  to  one  another  for  a  given  capacity.  For 
example,  a  streamlined  inlet  may  permit  the 
installation  of  a  smaller  gate  for  a  given  size  con- 
duit,  or  a  larger  gate  may  allow   the   use   of  a 
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smaller  conduit.  Or,  for  a  given  discharge, 
enlargement  of  the  upstream  pressure  conduit  of 

ii  closed  pipe  system  may  permit   reduction  in  the 

size  of  the  downstream  pressure  pipe  and  con 

quently  in  the  size  of  the  downstream  conduit. 
The  determination  of  the  best  overall  layout  to 
achieve  economj  in  the  design  may,  therefore, 
require  alternative  studies  involving  various  trial 
sizes  of  the  different  components  of  the  outlet 
works. 

When  the  type  of  waterway  is  chosen  and  the 

method  of  control  is  established,  the  associated 
structures  to  complete  the  layout  can  be  selected. 
The  type  of  intake  structure  will  depend  on  its 
locution  and  function  and  on  the  various  appur- 
tenances  bucIi  as  fishscreens,  trashracks,  atoplog 
arrangements,  or  operating  platforms  which  must 

he  furnished.  A  means  for  dissipating  (lie  energy 
of  How  before  returning  the  discharge  to  the  river 
may  have  to  he  provided.  This  might  he  accom- 
plished by  a  deflector  lip,  a  stilling  basin,  or  a 
similar  dissipator  device.  Gate  chambers,  con- 
trol platforms,  or  enclosures  may  he  required  to 
provide  operating  space  and   protective  housing 

for  the  control  devices.  An  outlet  works  also 
may  require  an  entrance  channel  to  lead  diversion 
Bows  or  flows  when  the  reservoir  is  low  to  the 
intake  structure,  and  an  outlet  channel  to  return 
releases  to  the  river. 

220.  Waterways,  (a)  Open  Channels.  Open 
channel  waterways  for  outlet  works  are  similar 
to  those  for  a  canal  hcadworks  structure,  a  sluice- 
wax  I  hrough  a  dam,  or  an  ordinary  spillway.  The 
waterway  will  usually  consist  of  a  channel  or 
Hume  placed  through  the  embankment  to  carry 
the  (low  from  the  reservoir  to  a  canal  or  to  the 
downstream  river  level.  Details  of  the  design 
are  comparable  to  those  for  a  gated  orifice-eon- 
trolled  Bpillway. 

I>  Tunnels.  Because  of  its  inherent  advan- 
tages, a  tunnel  outlet  works  is  preferred  where 
abutment  and  foundation  conditions  will  permit 
Its  utilization  and  if  it  ifl  economical  compared 
with  other  types.  A  tunnel  is  not  in  direct  contact 
with  the  dam  einhankment .  and  therefore  it  pro- 
vider a  much  safer  and  more  durable  layout  than 
can  he  achieved  with  either  a  cut-and-cover 
conduit  or  an  open  channel  structure.  A  mini- 
mum of  foundation  settlement,  differential  move- 
ment, and  structural  displacement  will  he  experi- 
enced with  a  tunnel  which  has  hcen  horcd  through 
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competent  abutment  material,  and  seepage  along 

the  outer  BUrfacee  of  the  tunnel  lining  or  leakage 
into  the  material  surrounding  the  tunnel  will  he 
[OSS   BeriOUS.        Furthermore,    there   Is   less  likelihood 

that  failure  of  some  portion  of  the  lunnel  would 
cause  failure  of  the  dam  than  if  a  cut-and-co\  er 
conduit   parsed  under  or  through  the  dam 

Ordinarily,  pressure  tunnels  in  competent  rock 
do  not  require  lining  reinforced  to  withstand  full 

internal  hydrostatic  pressures,  Bince  the  sur- 
rounding rock  normally  can  assume  such  stre- 

If  the  rock  cover  has  sufficient  weight  and  enough 
side  resistance  to  prevent  blowouts,  onl)  an  iiii- 
reinforced  lining  is  necessary  to  provide  water- 
tightness  iii  seainv    rock  and  smoother  surfaces  for 

Intter  hydraulic  flow . 

Where  pressure  tunnels  arc  placed  through  less 
competent  foundations,  such  as  jointed  or  \  ielding 
lock,  the  tunnel  lining  must  he  designed  to  with- 
stand external  rock  loadings  in  addition  to  internal 

hydrostatic  pressures.     At  the  extreme  upstream 

end  of  an  outlet  works  tunnel,  where  external 
hydrostatic  pressures  may  nearly  balance  the 
internal  pressures,  the  lining  will  need  to  hi'  re- 
inforced to  withstand  rock  loads  only.  At  the 
downstream  portions  of  the  tunnel,  where  outside 
water  pressures  diminish,  the  design  of  the  tunnel 
lining  will  need  to  consider  both  external  loads 
from   the  rock  and  internal  water  pressures. 

For  free-flow  tunnels  in  competent  rock,  lining 
might  he  provided  only  along  the  sides  and  bottom 
to  form  a  smooth  waterway.  In  less  competent 
material,  lining  of  the  complete  cross  section  may 
he  necessary  to  prevent  caving.  For  that  portion 
of  a  free-flow  tunnel  immediately  adjacent  to  the 
reservoir  or  just  downstream  from  a  pressure 
tunnel,  cognizance  must  he  taken  of  the  poe 
hility  of  hydrostatic  pressure  buildup  behind  the 
lining  due  to  leakage  through  the  walls  of  the 
pressure  tunnel  or  to  seepage  from  the  reservoir. 
Ordinarily,  such  external  water  pressure  can  he 
reduced  by  grouting  and  by  providing  drain  hole- 
through  the  lining  of  the  free-flow   tunnel. 

The  need  for  lining  a  tunnel  in  which  an  inde- 
pendent   pipe  is  installed  depends  entirely  on   the 

competency  of  the  rock  to  stand  unsupported. 
Since  such  a  tunnel  is  used  to  house  the  pressure 
pipe  and  provide  access  to  an  upstream  gate, 
lining  sufficient  to  avoid  rock  falls  might  he  pro- 
vided for  protection  of  the  pipe  and  operating 
personnel 
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For  a  pressure  tunnel  a  circular  cross-sectional 
shape  is  the  most  efficient,  both  hydra ulically  and 
structurally.  For  a  free-flow  tunnel  a  horseshoe 
shape  or  a  flat  bottom  tunnel  will  provide  better 
hydraulic  flow,  but  it  is  not  as  efficient  as  the 
circular  shape  for  carrying  external  loads.  For  small 
tunnels  under  only  moderate  heads  the  horseshoe- 
shaped  pressure  tunnel  and  either  the  horseshoe  or 
the  flat-bottomed  free-flow  tunnel  may  be  per- 
missible, depending  on  foundation  conditions.  As 
discussed  in  section  216,  it  is  not  practicable  to 
provide  tunnels  much  smaller  than  about  6  feet  in 
diameter.  The  structural  design  of  tunnels,  in- 
cluding reinforcement  of  linings,  is  discussed  in 
section  234. 

(c)  Cut-and-Cover  Conduits. — If  a  closed  conduit 
is  to  be  provided  and  if  foundation  conditions  are 
not  suitable  for  a  tunnel,  or  if  the  required  size  of 
the  waterway  is  too  small  to  justify  the  minimum- 
size  tunnel,  a  cut-and-cover  conduit  must  be  used. 
Since  such  a  conduit  passes  through  or  under  the 
dam,  conservative  and  safe  designs  must  be  used. 
Numerous  failures  of  earthfill  dams  caused  by 
improperly  designed  or  constructed  cut-and-cover 
outlet  conduits  have  demonstrated  the  need  for 
conservative  procedures. 

A  conduit  should  be  placed  on  the  most  com- 
petent portion  of  the  dam  foundation.  Details  of 
the  design  must  allow  for  expected  settlement, 
shrinkage,  and  lateral  or  longitudinal  displace- 
ment without  interfering  with  the  continuity  of 
the  structure  which  must  provide  a  safe  and  leak- 
proof  waterway. 

Where  bedrock  occurs  at  the  site,  every  attempt 
should  be  made  to  place  the  entire  conduit  on 
such  a  foundation.  If  this  is  not  physically  or 
economically  feasible,  the  structure  should  be 
located  where  overburden  is  shallow  so  there  will 
be  a  minimum  of  foundation  settlement.  If  a 
uniform  foundation  exists  and  it  is  determined 
that  foundation  settlement  will  not  be  excessive, 
the  excavation  for  the  conduit  should  be  to  exact 
grade  and  the  conduit  supported  on  undisturbed 
material.  Where  the  conduit  foundation  in  its 
natural  state  is  not  suitable,  the  unsuitable  ma- 
terial should  be  excavated  to  a  depth  where  a 
material  competent  to  support  the  load  is  reached, 
and  the  excavation  should  be  refilled  with  com- 
pacted material  of  desired  stability  and  imperme- 
ability. L'nsuitable  foundation  materials  include 
those  which  are  so  permeable  as  to  permit  excessive 


seepage,  those  subject  to  excessive  settlement  on 
loading,  and  those  subject  to  settlement  on  satura- 
tion of  the  foundation  by  the  reservoir.  These 
materials  are  described  in  chapter  V.  In  all  cased 
regardless  of  the  nature  of  the  foundation,  the 
contact  of  the  conduit  with  the  foundation  must 
provide  a  watertight  bond,  free  of  void  spaces  or 
unconsolidated  areas. 

Cut-and-cover  conduits  must  be  designed  with 
sufficient  strength  to  withstand  the  load  of  the 
fill  overlying  the  structure.  Pressure  conduits 
must  also  be  designed  to  resist  an  internal  hydro- 
static pressure  loading  equal  to  full  reservoir  head. 
Design  loadings  for  conduits  are  further  discussed 
in  section  235. 

The  adaptability  of  a  cut-and-cover  conduit 
and  the  desirability  of  utilizing  such  a  conduit  as 
a  pressure  pipe  or  as  a  free-flow  waterway  are 
discussed  in  section  218.  Since  a  cut-and-cover 
conduit  in  most  instances  must  be  constructed 
before  the  embankment,  conduit  settlement  will 
follow  the  foundation  settlement  resulting  from 
the  embankment  loading.  The  conduit  settle- 
ment therefore  will  be  maximum  at  the  point  of 
highest  fill  and  will  diminish  toward  each  end. 
Structure  details  must  be  selected  to  allow  for 
such  settlement,  and  conduit  profiles  must  be 
adjusted  to  take  account  of  the  drop  in  grade 
near  the  center  of  the  dam.  Joint  treatment  and 
reinforcement  requirements  are  discussed  in  sec- 
tion 235. 

221.  Controls. — (a)  Control  Dences. — Selection 
of  the  outlet  works  arrangement  for  small  dams 
should  be  based  on  the  use  of  commercially  avail- 
able gates  and  valves  or  relatively  simple  gate 
designs,  rather  than  on  the  use  of  special  devices 
which  will  involve  expensive  design  and  fabrica- 
tion costs.  Cast-iron  slide  gates,  which  may  be 
used  for  control  and  guard  gates,  are  available 
for  both  rectangular  and  circular  openings  and 
for  design  heads  up  to  50  feet.  Simple  radial 
gates  are  available  for  ordinary  surface  installa- 
tions, and  top-seal  radial  gates  can  be  secured  from 
manufacturers  on  the  basis  of  simple  designs  and 
specifications.  For  low  heads,  commercial  gate 
valves  and  butterfly  valves  are  suitable  for  control 
at  t he  downstream  end  of  pressure  pipes  if  they 
are  designed  to  operate  under  free  discharging 
conditions.  They  are  also  suitable  as  inline  guard 
valves  for  wide-open  operation,  and  they  can  be 
adopted  for  inline  control  valves  if  air  venting 
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of  the   pip''   >s   provided    imiucdiat  el\    dow  nst  i  earn 

from  the  valve 

(hi  Arrangement  ><i  Controls,  Flows  through 
low  -head  outlet  works  inn  be  com  rolled  by  various 
devices,  as  shown  on  figure  240,  A  surface  radial 
■ate  iun\  be  installed  in  an  open  channel,  as  shown 
foi  Putah  Diversion  Dam     Top-seal  radial  gates 

installed  at  the  entrance  or  within  a  culvert  out- 
let works  are  Bhown  for  Platiron  Dam  and  for 
Camp  Creek  and  lhirtlc\  Diversion  Dams.  Slide 
Bates,   -miliar   to   those   Bhown    for   Woodston    and 

Poi  1  Sumner  Diversion  Dams,  maj  he  used  to 
control    Hows    through    either   open    channel    or 

culvert  outlet  works  which  arc  provided  with 
hcadw  all  st  ructures. 

Upstream  gate  controls  for  conduits  are  gen- 
erally placed  in  a  tower  structure,  with  the  gate 
hoists  mounted  on  the  operating  deck  (lig.  ill). 
With  this  arrangement  the  tower  must  extend 
above  the  maximum  water  surface. 

If  controls  arc  located  at  some  intermediate 
point  along  a  conduit,  slide  gates  or  top-seal  radial 
gates  can  he  used,  operating  in  a  wet  well  shaft 
which  extends  vertically  from  the  conduit  level 
to    the    level    of    the    crest     of    the    dam.      These 

arrangements  are  typified  by  the  installations 
shown  on  figure  243. 

A  variation  of  the  slide  gate  control  which  will 
eliminate  the  need  for-  a   wet    well  shaft   is  possible. 

In  this  instance  watertight  bonnets  are  provided 

over  the  gate  Blotfl  anil  the  gates  are  operated 
cither  from  a  dry  shaft  or  from  an  operating  cham- 
ber located  ahove  the  conduit  level.  Water- 
tight  bushings  are  provided  where  the  gate  stems 

extend  through  the  bonnets 

Valve-  id-.,  can  he  used  as  controls  at  inter- 
mediate points  along  conduits.  A  dry  well  is 
provided  and  the  valve  is  placed  in  a  length  of 
pipe  whose  upstream  end  is  encased  in  a  con- 
crete plug.  This  type  of  installation  is  illustrated 
in  figure  242.  If  the  Mow  is  carried  l>\  separate 
pipe  in  a  conduit  sufficiently  large  to  afford  access 
along  the  pipe  from  the  downstream  end.  a  domed 
chamber  can  he  used  rather  than  a  dry  well  shaft 
Such  a  chamber  is  provided  at  Soldier  Canyon 
Darn  as  shown  on  figure  244. 

If  a  concrete  dam  utilizes  a  slide  gate  control  on 
its  upstream  face,  the  gate  frame  and  stem  guides 
can  he  mounted  directly  on  the  concrete  face  and 
the  hoist  can  he  placed  on  a  platform  cantilevered 
from  the  crest  of  the  dam.     If  the  gate  is  placed  at 
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an    intermediate   point    along    a   conduit    formed 

through   the  concrete  dam.   (he  rate  can   be  "| 
ated    either    m    a    wet    well    with    the    hoist    placed 
at    the  crest   of  the  dam.  <u    from   a  gallerx    if  the 

watertight  bonnet  cover  arrangement  is  provided 

OVer      the      rate      Will  llllllie      \al\«'s     call      slSO      lie 

operated    from    the    galleiv     or    from    a    chamber 

formed  inside  the  dam      A  control  valve  placed 

oil  the  end  of  the  conduit  at  the  downstream  face 
of  the  dam  can  he  operated  From  a  platform 
extending  from  the  face  of  the  dam  Typical 
installations  are  illustrated  on  figure  245 

Control   ninl    Aece86    Shafti        Where    a    free- 
flow    conduit    is    provided    downstream    from    the 

control  devices,   access  for  operating  is   usually 

from  a  shaft  located  directlv  over  the  controls 
If   the    wet    well    arrangement    is    utilized,    a    shaft 

of  sufficient  width  and  breadth  to  accommodate 

the  several  wells  must  he  provided.  When  the 
type  of  controls  permits  dry  well  installations, 
only  sufficient  space  to  provide  operating  loom 
at  the  bottom  of  the  shaft  i-  needed.  A  smaller 
access  shaft,   either  directlv    ahove  or  offset    from 

the  chamber,  and  just  large  enough  to  permit 
passage  of  removable  and  replaceable  gate  parte, 
will  then  he  needed. 

The  operating  or  access  shaft  for  a  tunnel  outlet 
works  can  he  sunk  into  the  undisturbed  hillside 
and  lined  with  concrete  as  necessary  to  maintain 
the  shaft  walls  intact,  Where  BUch  a  shaft  is 
used  for  access  and  ventilation  only,  a  minimum 
of   wall   lining   will    he   needed.      Where   an   ac 

shaft  is  to  he  used  for  a  wet  well  arrangement, 
adequate  lining  to  make  the  shaft  reasonably 
watertight  will  he  required.  If  a  cut-and-cover 
conduit  scheme  is  used,  the  shaft  must  he  con- 
structed through  the  dam  einhankment .  The 
structural  design  must  consider  the  possibility  of 
settlement  and  lateral  displacement  as  a  result 
of  movement  of  the  einhankment.  Where  a  wet 
well  shaft  is  employed,  care  must  he  taken  in  the 
design  to  prevent  cracks  and  the  opening  of  joints 
which  would  permit  leakage  from  the  interior  of 
the  shaft  into  the  surrounding  embankment.     The 

walls  of  the  wet  well  shaft  must  he  designed  to 
resist  internal  hydrostatic  pressure  from  full  n  - 
voir  head  in  addition  to  the  external  einhankment 
loading.  If  a  shaft  extends  through  the  einhank- 
ment and  projects  into  the  reservoir,  external 
hydrostatic  loads  must  also  he  considered  The 
protruding  portion  of  the  shaft  constitutes  a  tower 
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which  is  subject  to  the  ice  loads  discussed  in 
section  222. 

(d)  Control  Houses. — A  housing  around  the 
outlet  controls  is  sometimes  provided  where 
operating  equipment  would  otherwise  be  exposed 
or  where  adverse  weather  conditions  will  prevail 
during  operating  periods.  A  house  is  sometimes 
provided  to  enclose  the  top  of  an  access  shaft, 
although  the  controls  may  be  located  elsewhere. 
Such  houses  are  usually  made  sufficiently  large 
to  accommodate  auxiliary  equipment  such  as 
ventilating  fans,  heaters,  flow  measuring  and 
recording  meters,  air  pumps,  small  power-gen- 
erator sets,  and  equipment  needed  for  maintenance. 

222.  Intake  Structures. — In  addition  to  form- 
ing the  entrance  into  the  outlet  works,  an  intake 
structure  may  accommodate  control  devices. 
It  also  supports  necessary  auxiliary  appurtenances 
(such  as  trashracks,  fish  screens,  and  bypass 
devices),  and  it  may  include  temporary  diversion 
openings  and  provisions  for  installation  of  bulk- 
head or  stoplog  closure  devices. 

An  intake  structure  may  take  on  many  forms, 
depending  on  the  functions  it  must  serve  as  noted 
above,  on  the  range  in  reservoir  head  under  which 
it  must  operate,  on  the  discharge  it  must  handle, 
on  the  frequency  of  reservoir  drawdown,  on  the 
trash  conditions  in  the  reservoir  which  will  deter- 
mine the  need  for  or  the  frequency  of  cleaning  of 
the  trashracks,  on  reservoir  ice  conditions  or 
wave  action  which  could  affect  the  stabUity.  and 
on  other  such  considerations.  An  intake  structure 
may  either  be  submerged  or  extended  as  a  tower 
to  some  height  above  the  maximum  reservoir 
water  surface,  depending  on  its  function.  A  tower 
must  be  provided  if  the  controls  are  placed  at  the 
intake,  or  if  an  operating  platform  is  needed  for 
trash  raking,  maintaining  and  cleaning  of  fish 
screens,  or  installing  stoplogs.  Where  the  struc- 
ture serves  only  as  an  entrance  to  the  outlet 
conduit  and  where  trash  cleaning  ordinarily  will 
not  be  required,  a  submerged  structure  can 
be  adopted. 

The  conduit  entrance  can  be  placed  vertically, 
inclined,  or  horizontally,  depending  on  intake 
requirements.  Where  a  sill  level  higher  than  the 
conduit  level  is  desired,  the  intake  can  be  a  drop 
inlet  similar  to  the  entrance  of  a  drop  inlet  spill- 
way. A  vertical  entrance  is  usually  provided  for 
inlets  at  the  conduit  level.  In  certain  instances 
at  small  installations  where  the  gate  is  placed  and 


operated  on  the  upstream  slope  of  a  low  dam,  an 
inclined  entrance  can  be  adopted.  Such  an 
arrangement  is  typified  by  the  Ortega  Reservoir 
outlet  shown  on  figure  246.  In  most  cases  conduit 
entrances  should  be  rounded  or  bellmouthed  to 
reduce  hydraulic  entrance  losses. 

The  necessity  for  trashracks  on  an  outlet  works 
depends  on  the  size  of  the  sluice  or  conduit,  the 
type  of  control  device  used,  the  nature  of  the 
trash  burden  in  the  reservoir,  the  utilization  of 
the  water,  the  need  for  excluding  small  trash  from 
the  outflow,  and  other  factors.  These  factors  will 
determine  the  type  of  trashracks  and  the  size  of 
the  openings.  Where  an  outlet  consists  of  a  small 
conduit  with  valve  controls,  closely  spaced 
trashbars  will  be  needed  to  exclude  small  trash. 
Where  an  outlet  involves  a  large  conduit  with 
large  slide  gate  controls,  the  racks  can  be  more 
widely  spaced.  If  there  is  no  danger  of  clogging 
or  damage  from  small  trash,  a  trashrack  may 
consist  simply  of  struts  and  beams  placed  to 
exclude  only  the  larger  trees  and  such  floating 
debris.  The  rack  arrangement  will  also  depend 
on  accessibility  for  removing  accumulated  trash. 
Thus,  a  submerged  rack  which  seldom  will  be 
unwatered  must  be  more  substantial  than  one 
which  is  at  or  near  the  surface.  Similarly,  an 
outlet  with  controls  at  the  entrance  where  the 
gates  can  be  jammed  by  trash  protruding  through 
the  rack  bars  must  have  a  more  substantial  rack 
arrangement  than  if  the  controls  are  not  at  the 
entrance. 

Trash  bars  usually  consist  of  thin,  flat  steel 
bars  which  are  placed  on  edge  from  3  to  6  inches 
apart  and  assembled  in  rack  sections.  The 
required  area  of  the  trashrack  is  fixed  by  a  limiting 
velocity  through  the  rack,  which  in  turn  depends 
on  the  nature  of  the  trash  which  must  be  excluded. 
Where  the  trashracks  are  inaccessible  for  cleaning, 
the  velocity  through  the  racks  ordinarily  should 
not  exceed  2  feet  per  second.  A  velocity  of  up  to 
approximately  5  feet  per  second  may  be  tolerated 
for  racks  which  are  accessible  for  cleaning. 

Trashrack  structures  also  may  take  on  varied 
shapes,  depending  on  how  they  are  mounted  or 
arranged  on  the  intake  structure.  Trashracks 
for  a  drop  inlet  intake  are  generally  formed  as  a 
cage  surmounting  the  entrance.  They  may  be 
arranged  as  an  open  box  placed  in  front  of  a 
vertical  entrance  or  they  may  be  positioned  along 
the  front  side  of  a  tower  structure.     Figures  240 
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through  246  illustrate  \  hi  u > u-  arrangements  <>i 
traahrackfl  at  entrances  to  outlet  works 

At  Bome  reservoir  Bites  il  mav  be  desirable  or 
required  to  Bcreen  the  inlet  entrance  in  prevent 
fish  from  being  carried  through  the  outlet  works 
Several  such  installations  are  illustrated  on 
figure  241  Because  small  openings  must  be 
u-eil  to  exclude  fish,  the  Bcreens  can  easily  become 
clogged  with  debris.  Provisions  must  therefore 
be  made  f<>r  periodically  removing  the  screens  and 
cleaning  them  by  brooming  or  water  jetting. 

Where  the  control  is  placed  at  an  intermediate 
point  alone;  a  conduit,  some  means  of  unwatering 
the   upstream    pressure   section   of    the    conduit 

and    the    intake    is   desirable    to    make    inspections 

and  needed  repairs.  Stoplog  or  bulkhead  Blots 
are  generally  provided  for  this  purpose  in  the 
intake  or  immediately  downstream  from  the 
intake       In      intake     towers     containing     control 

devices,  the  atoplog  Blots  are  placed  upstream 
from  the  controls.  A  circular,  Hat  bulkhead 
which  can  drop  <low  n  over  the  cut  ranee  is  generally 

pio\  ided  for  a  drop  inlet  struct  lire.      The  bulkhead 

can  be  Btored  on  Bupports  near  the  top  of  the 
structure.  Closure  can  then  be  effected  under 
water  l>\  lowering  the  bulkhead  with  a  cable 
winch  operated  from  a  barge,  or  from  the  top  of 
the  Btructure  if  the  reservoir  is  low  enough  to 
expose  the  upper  portion. 

For  an  intake  structure  with  inlet  sill  above  the 
invert  of  the  conduit,  it  may  be  desirable  for 
various  reasons  to  draw  the  reservoir  down  below 
that  level.  In  such  an  instance  a  bypass  can  be 
provided  near  the  base  of  the  structure  to  connect 
the  reservoir  to  the  conduit  downstream.  In  other 
instances,  where  flow  must  be  maintained  while 
installing  or  maintaining  the  control  elates  and 
outlet  pipes  or  while  repairing  or  maintaining  the 
free-How  conduit  concrete,  it  may  be  desirable  to 
carry  a  separate  pipe  under  or  alongside  the 
conduit  to  bypass  it  entirely.  In  either  case, 
the  bypass  inlet  can  be  placed  in  the  intake 
structure  and  usually  can  be  controlled  by  a  slide 
gate  mounted  on  one  of  the  faces  of  the  structure 
and  operated  from  some  higher  level. 

Where  winter  reservoir  Btorage  is  maintained 

and  the  surface  ices  over,  the  effect  of  such 
Conditions  on  the  intake  structure  must  be 
considered.     Where    reservoir    surface    ice    can 

freeze  around  an  intake  structure,  there  is  danger 
to  the  structure   not    only   from   the  ice   pressures 
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acting  laterally  hut  also  from  the  uplift  forces  if  a 
filling  reservoir  lifts  the  ice  ma--  vertically  Tic 
cflect-  mii-t  be  considered  when  the  advantag 
or  disadvantages  of  a  towei  an-  compared  with 
those  of  a  Bubmerged  intake  Where  a  tower 
design  is  adopted  and  ice  conditions  present  a 
hazard,  an  air  bubbling  Bvstera  can  be  installed 

around   the   base  of  the  Btructure   lo  circulate   the 

wanner  water  from  the  bottom  <>f  the  reservoii 

which     will     keep     the    surface     area     adjacent     to 

the  Btructure  free  of  hc  Such  a  system  will 
require  a  constant  Bupplj  of  compressed  air  and 
must  be  operated  continuously  during  the  winter 
months. 

223.  Terminal  Structures  and  Dissipating  Device*. 

The  discharge  from  an  outlet,  whether  through 

gates,  \alves.  or  fr How   conduit-,  will  emerge 

at  a  high  velocity,  usually  in  a  nearly  horizontal 
direction.  For  a  free-flow  conduit,  deflector 
devices  might  be  employed  to  direct  the  high- 
velocity  How  avvnv    from   the  outlet    -tructure   and 

past  the  downstream  toe  of  the  dam  if  erosion- 
resistant  bedrock  exists  at  shallow  depths  in  the 
downstream  channel.  Where  softer  foundations 
exist,  a  dissipating  device  might  be  provided  to 
absorb  the  energy  of  flow  before  it  is  returned  to 
the  river  or  canal.  The  How  from  valve-  at  the 
end  of  an  outlet  will  generally  be  in  the  form  of  a 
jet,  which  can  he  discharged  directly  into  the 
river,  into  a  plunge  basin  downstream  from  the 
outlets,  or  into  a  hydraulic  jump-type  basm. 

Where  an  outlet  is  terminated  as  a  Bubmerged 
pipe,  a  stilling  well  dissipator  is  sometimes  em- 
ployed to  dissipate  the  flow  energy.  This  de\ 
consists  of  a  vertical  water-filled  well  in  which 
dissipation  is  achieved  by  turbulence  and  by 
diffusion  of  the  incoming  flow.  The  incoming  flow 
can  be  directed  horizontally  into  the  well  near  the 
bottom,  or  it  may  be  directed  vertically  downward 
into  the  well  through  a  vertical  pipe  and  released 

near    the    bottom.       In    both    cases    the    flow     i 
upward  and  emerges  out  of  the  top  of  the  well. 

Terminal  structures  for  free-How  conduit  outlet 
works  arc  essentially  the  same  a-  those  for  spill- 
ways.     The   hydraulic  designs  of  such   basins  are 

discussed  in  part  E  of  chapter  VIII  The  design 
of  basm-  to  dissipate  jet  flow  and  the  design  <>f 
stilling  well-  to  dissipate  Bubmerged  pipe  How  are 

discussed  m  section  230. 

224.  Entrance  and  Outlet  Channels.  An  en- 
trance channel  leading  to  the  outlet  works  intake 
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and  an  outlet  channel  to  deliver  flow  to  the  river 
downstream,  are  often  required  with  a  tunnel  or 
cut-and-cover  conduit  layout.  An  entrance  chan- 
nel may  be  required  to  convey  diversion  flows  to  a 
conduit  placed  in  an  abutment,  or  to  deliver  water 
to  the  outlet  works  intake  during  low  reservoir 
stage.  Outlet  channels  may  be  required  to  con- 
vey discharges  from  the  end  of  the  outlet  works  to 
the  river  downstream  or  to  a  canal.  All  such 
channels  should  be  excavated  to  stable  slopes  and 
to  dimensions  which  will  provide  nonscouring 
velocities.  Entrance  channel  velocities  are  usually 
made  less  than  those  through  the  thrashracks, 
and  the  entrance  channel  is  often  widened  near 


the  intake  structure  to  permit  a  smooth,  uniform 
flow  into  all  trashrack  openings. 

The  outlet  channel  dimensions  and  the  need  for 
lining  or  riprap  protection  will  depend  on  the 
nature  of  the  material  through  which  the  channel  is 
excavated.  Occasionally  a  control  or  a  measuring 
station  is  placed  in  the  outlet  channel,  in  which 
event  the  selection  of  the  grade  and  cross  section 
of  the  channel  becomes  an  important  considera- 
tion. The  effects  of  aggradation  or  degradation 
of  the  main  river  channel  must  be  considered  in 
selecting  the  outlet  works  outlet  channel  di- 
mensions. 


C.    HYDRAULIC  DESIGN 


225.  Nature  of  Flow  in  Outlet  Works. — The  hy- 
draulics of  outlet  works  usually  involve  either  one 
or  both  of  two  conditions  of  flow — open  channel 
(or  free)  flow  and  full  conduit  (or  pressure)  flow. 
Analysis  of  open  channel  flow  in  outlet  works, 
either  in  an  open  waterway  or  in  a  part  full  con- 
duit, is  based  on  the  principle  of  steady  nonuni- 
form flow  conforming  to  the  law  of  conservation  of 
energy.  Full  pipe  flow  in  closed  conduits  is  based 
on  pressure  flow,  which  involves  a  study  of  hy- 
draulic losses  to  determine  the  total  heads  needed 
to  produce  the  required  discharges. 

Hydraulic  jump  basins,  baffle  or  impact  block 
dissipators,  or  other  stilling  devices  normally  are 
employed  to  dissipate  the  energy  of  flow  at  the 
downstream  end  of  the  outlet  works.  Many  of 
these  devices  are  designed  on  the  basis  of  the  law 
of  conservation  of  momentum. 

226.  Open  Channel  Flow  in  Outlet  Works. — Flow 
in  an  open  channel  outlet  works  will  be  similar  to 
that  in  open  channel  spillways,  which  is  discussed 
in  chapter  VIII.  Where  unsubmerged  radial  or 
slide  gates  are  used,  discharges  through  the  control 
with  the  gates  completely  raised  will  be  open 
crest  flow  as  computed  by  equation  (3)  of  chapter 
VIII: 

Q=CLH3'2 

Discharge  coefficients  applicable  to  various  crest 
arrangements  are  discussed  in  section  190. 

When  open  channel  outlet  flow  is  controlled  by 
partly  open  surface  gates,  or  where  top-seal  radial 


gates  or  submerged  slide  gates  control  the  flow 
sluice  flow  will  result.  Discharges  for  such  flow 
are  given  by  equation  (7)  of  chapter  VIII : 

Q=^2g  CL  (H^-H2^) 

Discharge  coefficients  for  sluice  control  can  be 
determined  from  figure  197  or  table  30  (sec 
228(d)). 

In  instances  where  there  is  high  tailwater  due 
to  canal  water  surfaces  or  to  downstream  in- 
fluences in  the  streambed,  the  control  openings 
may  be  partly  or  entirely  submerged.  For  such 
conditions  the  discharge  through  the  control 
will  be  in  accordance  with  submerged  orifice  or 
tube  flow  as  computed  by  the  equation: 


Q=CA^2gH 


(1) 


where : 

A= the  area  of  the  opening, 

H=  the  difference   between  the   upstream  and 
downstream  water  levels,  and 

C=the  coefficient  of  discharge  for  submerged 
orifice  or  tube  flow. 
Coefficients  for  various  conditions  of  orifice 
suppression  and  tube  geometry  can  be  evaluated 
from  figure  249,  or  from  published  data  in  various 
hydraulic  handbooks  [1,  2]  2  and  textbooks. 

Flow  in  an  open  channel  downstream  from  the 
headworks  will  be  at  either  subcritical  or  super- 

2  Numbers  in  brackets  refer  to  items  In  the  bibliography,  sec.  237. 
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Figure  249.      Flow  through  submerged  tubes. 


critical  Btage,  depending  on  the  flow  conditions 
through   the  control   structure.     In   cither  case, 

How  depths  and  velocities  throughout  the  channel 

can  be  determined  from  Bernoulli's  equation,  as 

discussed  in  sect  ion   1<)(>. 

Flow  in  ungated  outlet  conduits  will  he  similar 
to  that  in  a  culvert  spillwa\,  as  discussed  in  sec- 
tion 206.  Where  the  inlet  geometry  and  the  con- 
duit slope  are  such  that  the  control  will  remain  at 


the  inlet,  part  full  How  will  prevail  and  Mow  depths 
and  velocities  will  he  in  accordance  with  the 
Bernoulli  theorem  for  open  channel  Mow.  When 
How  from  a  pressure  conduit  dischargee  into  a 
free-flow    conduit,    the    Mow    in    the    latter    mOS( 

often  will  he  at  supercritical  Btage,  with  How 
depths  and  velocities  comparable  to  those  which 
would  prevail  in  an  open  channel.  Computation 
procedures     to     determine     the     How      conditions 


364 


DESIGN  OF  SMALL  DAMS 


according  to  the  Bernoulli  equation  are  presented 
in  section  196. 

Outlet  conduits  flowing  partly  full  should  be 
analysed  using  maximum  and  minimum  assumed 
values  of  the  coefficient  of  roughness,  n,  when 
evaluating  the  required  conduit  size  and  the  energy 
content  of  the  flow  as  is  done  for  spillway  design 
(see  sec.  196).  To  be  assured  of  a  sufficient 
conduit  size  to  allow  for  air  swell  and  surges, 
values  of  n  of  about  0.018  should  be  assumed  in 
computing  the  depth  or  area  of  flow  in  a  concrete- 
lined  conduit.  For  computing  the  energy  of  flow 
at  the  end  of  the  conduit  to  determine  dissipator 
design,  a  value  of  n  of  about  0.008  should  be 
assumed.  To  assure  a  free  surface  in  the  conduit 
for  all  stages  of  flow,  and  to  guarantee  against 
sealing  of  some  portion  from  splashing  or  surging, 
the  conduit  should  be  designed  to  flow  not  more 
than  75  percent  full  at  maximum  capacity. 

Terminal  deflectors  or  energy  dissipating  de- 
vices placed  at  the  downstream  end  of  free-flow 
outlet  conduits  will  be  similar  to  those  discussed 
in  part  E  of  chapter  VIII  for  spillways.  Transi- 
tions to  diverge  the  flow  from  the  conduit  portal 
to  the  stilling  device  and  the  allowable  convex 
curvature  of  the  floor  entering  the  stilling  device 
are  determined  as  discussed  in  section  197. 

227.  Pressure  Flow  in  Outlet  Conduits. — If  a  con- 
trol gate  is  placed  at  some  point  downstream 
from  the  conduit  entrance,  that  portion  above  the 
control  gate  will  flow  under  pressure.  An  un- 
gated conduit  may  also  flow  full  depending  on 
the  inlet  geometry.  The  phenomena  and  the 
hydraulic  equations  for  flow  through  an  ungated 
conduit  under  pressure  are  discussed  in  section 
206.  The  hydraulic  design  of  a  gated  pressure 
conduit  is  similar  to  that  for  an  ungated  pressure 
conduit,  discussed  in  section  206. 

For  flow  in  a  closed  pipe  system,  as  shown  on 
figure  250,  Bernoulli's  equation  can  be  written  as 
follows: 


HT=hLJrht 


(2) 


where: 

HT—t\\e  total  head  needed  to  overcome  the 
various  head  losses  to  produce  discharge, 
and 
hL=the  cumulative  losses  of  the  system. 


Equation  (2)  can  be  expanded  to  list  each  loss,  as 
follows: 

HT=hlJrhe+hb  -\-hf  -\-hei        -\-h,  +hc 

o  '5  (0-41  '4  (4-3) 

where: 

/;.,=  trashrack  losses, 
Ae=  entrance  losses, 
A»  =  bend  losses, 
/(f  =  contraction  losses, 
h„  =  expansion  losses, 
A«  =  gate  or  valve  losses, 
A/=  friction  losses,  and 
^c=velocity  head  exit  loss  at  the  outlet. 

In  the  above  equation  the  number  subscripts 
refer  to  the  various  components,  transitions,  and 
reaches  to  which  head  losses  apply. 

For  a  free-discharging  outlet,  HT  is  measured 
from  the  reservoir  water  surface  to  the  center  of 
the  outlet  gate  or  the  outlet  opening.  If  the  out- 
flowing jet  is  supported  on  a  downstream  floor  the 
head  is  measured  to  the  top  of  the  emerging  jet  at 
the  point  of  greatest  contraction;  if  the  outlet 
portal  is  submerged  the  head  is  measured  to  the 
tailwater  level. 

Where  the  various  losses  are  related  to  the  indi- 
vidual components,  equation  (3)  can  be  written: 

wi)wi-i>t(i>'.(i') 


+K, 


\2g    2g) 


+Kt 


®«GD 


(4) 


where: 


Kt=  trashrack  loss  coefficient, 
Ke  =  entrance  loss  coefficient, 
Kb  =  bend  loss  coefficient, 
/^friction   factor   in    the   Darey-Weisbach 
equation  for  pipe  flow  (discussed  in  sec. 
228  (b)), 
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Figure  250.     Pictorial  representation  of  head  losses  in  conduit  Mowing  under  pressure. 

then: 


K  i    expansion  lose  coefficient, 

Ke  —  contraction  loss  coefficient, 

Kt  =gate  loss  coefficient,  and 

K,  =exi1    velocity   head    coefficient    at    the 

outlet. 

Equation   (4>  can  be  simplified  by  expressing 

the  individual  losses  in  terms  of  an  arbitrarily 
chosen  velocity  head.  This  velocity  head  is  usu- 
ally selected  as  that  in  a  significant  section  of  the 
System,  If  the  various  velocity  heads  for  the 
Bystem  shown  on  figure  '-'.*><)  are  related  to  thai  in 
the  downstream  conduit,  urea  (1).  the  conversion 
for  "r"  area  is  found  as  follows 

Sin 
Q=ati'i  =  atrI,  <hW=a*W,  and    .^    =   ., 


2g    \aj  2g 
Equation  (4)  then  can  he  written: 

+(i£-K.+K,i-K.) 

+  ('':)    K,     A".     I 


366 


DESIGN  OF  SMALL  DAMS 


If  the  bracketed  part  of  the  expression  is  repre- 
sented by  KL,  the  equation  can  be  written: 


Ht^Kl  — 


Then: 


(6) 


(7) 


228.  Pressure  Flow  Losses  in  Conduits. —  (a)  Gen- 
eral.— Head  losses  in  outlet  works  conduits  are 
caused  primarily  by  the  frictional  resistance  to 
flow  along  the  conduit  side  walls.  Additional 
losses  result  from  trashrack  interferences,  en- 
trance contractions,  contractions  and  expansions 
at  gate  installations,  bends,  gate  and  valve  con- 
strictions, and  other  interferences  in  the  conduit. 
As  with  free-flow  conduits,  greater  than  average 
loss  coefficients  should  be  assumed  for  computing 
required  conduit  and  component  sizes,  and  smaller 
loss  coefficients  should  be  used  for  computing 
energies  of  flow  at  the  outlet.  The  major  contrib- 
uting losses  of  a  conduit  or  pipe  system  are  dis- 
cussed in  the  remainder  of  this  section. 

(b)  Friction  Losses. — For  flow  in  large  pipes,  the 
Darcy-Weisbach  formula  is  most  often  employed 
to  determine  the  energy  losses  due  to  frictional  re- 
sistances of  the  conduit.  The  loss  of  head  is  stated 
by  the  equation: 

tkt. 

"D2g 


h,= 


(8) 


where/  is  the  friction  loss  coefficient.  This  coeffi- 
cient varies  with  the  conduit  surface  roughness 
and  with  the  Reynolds  number.  The  latter  is  a 
function  of  the  diameter  of  the  pipe,  and  the  ve- 
locity, viscosity,  and  density  of  the  fluid  flowing 
through  it.  Data  and  procedures  for  evaluating 
the  loss  coefficient  are  presented  in  a  Bureau  of 
Reclamation  engineering  monograph  [3].  Since/ 
is  not  a  fixed  value,  many  engineers  are  unfamiliar 
with  its  variations  and  would  rather  use  Manning's 
coefficient  of  roughness,  n,  which  has  been  more 
widely  defined.  If  the  effect  of  the  Reynolds 
number  influence  is  neglected,  and  if  the  rough- 
ness factor  in  relation  to  the  pipe  size  is  assumed 
constant,  the  relation  of  /  in  the  Darcy-Weisbach 
equation  to  n  in  the  Manning  equation  will  be: 


/= 


116.5n2^185n2 


(9) 


Relationships  between  the  Darcy-Weisbach  and 
Manning's  coefficients  can  he  determined  from 
figure  B-7  (appendix  B). 

Where  the  conduit  cross  section  is  horseshoe  or 
rectangular  in  shape,  the  Darcy-Weisbach  formula 
does  not  apply  because  it  is  for  circular  pipes,  and 
the  Manning  equation  may  be  used  to  compute  the 
friction  losses.  Manning's  equation  as  applied  to 
closed  conduit  flow  is: 


h  f  =29.1  ri 


r*  2g 


(10) 


Maximum  and  minimum  values  of  n  which  may 
be  used  to  determine  the  conduit  size  and  the 
energy  of  flow  are  as  follows: 


Concrete  pipe  or  cast  in  place  conduit.  _ 

Steel  pipe  with  welded  joints 

Unlined  rock  tunnel 


Maximum  Minimum 

value  value 

0.  014  0.  008 

.  012  .  008 

.  035  .  020 


(c)  Trashrack  Losses. — Trashrack  structures 
which  consist  of  widely  spaced  structural  members 
without  rack  bars  will  cause  very  little  head  loss, 
and  trashrack  losses  in  such  a  case  might  be 
neglected  in  computing  conduit  losses.  When 
the  trash  structure  consists  of  racks  of  bars,  the 
loss  will  depend  on  the  bar  thickness,  depth,  and 
spacing.  An  average  approximation  can  be  ob- 
tained [2]  from  the  empirical  equation: 


#,=  1.45-0.45 


On_/OnV 

ag     \agJ 


(ID 


where: 


Kt=the  trashrack  loss  coefficient, 

a„=the  net  area  through  the  rack  bars,  and 

ag=the  gross  area  of  the  racks  and  supports. 

Where  maximum  loss  values  are  desired,  assume 
that  50  percent  of  the  rack  area  is  clogged.  This 
will  result  in  twice  the  velocity  through  the  trash- 
rack. For  minimum  trashrack  losses,  assume  no 
clogging  of  the  openings  when  computing  the  loss 
coefficient,  or  neglect  the  loss  entirely. 

(d)  Entrance  Losses. — The  loss  of  head  at  the 
entrance  of  a  conduit  is  comparable  to  the  loss 
in  a  short  tube  or  in  a  sluice.  If  H  is  the  head 
producing  the  discharge,  C  is  the  coefficient  of 
discharge,  and  a  is  the  area,  the  discharge 

Q  is  equal  to  Ca^J2gII 
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and  the  velocit) 


Oi 


/•  is  equal  to  <  \  2gH 
l    p- 


// 


i 


(12) 


Since  //  is  il"'  sum  of  the  velocity  head  A  and 
the  head  lost  al  tlie  entrance  A.,  equation  (12) 
inns  be  w  ni  ten: 


Then 


(13) 


Coefficients  of  discharge  for  Bquare  sluice 
entrances  are  Bhown  on  figure  249  Coefficients 
of  discharge  and  lose  coefficients  for  typical 
entrances  for  conduits,  as  given  in  various  texts 
mihI  technical  papers,  arc  listed  in  table  30. 

I'mu  i    in      |  ...  ''■■  it  ntt  ■■'  ditchttrge  and  lose  coefficients  for 
conduit  entrant* ■ 


OoaWlctanl  C 

Loss  cix-lhilint  A'. 
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Mini- 

Aver- 

Mm 

Mini- 

Aver- 

mum 

mum 

age 
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mum 

age 

(■)    (late    In    thin    wall     i in 
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0  60 

0.63 

1.80 

1.00 

1  80 

•  it*  in  thin  trail— bot- 

tom   and    sides    sup- 

pressed. 

81 

... 

.70 

1   20 

0.50 

1.00 

•  lt«  In  thin  wiill-  corn- 

ers rounded 

M 

71 

.82 

1.00 

.10 

0.50 

mare-cornered     en- 

trances . 

.88 

.77 

.82 

.70 

.40 

.50 

(e)   Slightly     rounded    en- 

trances ... 

88 

.79 

■ 

.60 

.18 

.23 

(f)    Fully  rounded  cntr  u 

H 

.88 

.95 

.27 

.08 

.10 

—  >0.l.1 
D 

rcular    bellmouth    en- 

trance- 

■•■> 

.95 

.98 

.10 

.04 

.05 

luare    beUmonth    en- 

trance! 

.97 

.91 

.93 

.20 

n: 

.16 

ward    projecting    en- 

trances. . 

.88 

.72 

.75 

.93 

88 

.80 

(e)  Bend  Losses.  Bend  losses  in  closed  conduits 
ill  excess  of  those  due  to  friction  loss  through  the 
length  of  the  bend  are  |  function  of  the  bend  radius, 

pipe  diameter,  and  the  angle  through  which  the 
bend  turns.  Although  experimental  data  on  bend 
loaaes  in  large  pipes  are  meager,  the  loss  can  be 
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related  to  those  del i-i mined  fur  smaller  pipe 
Figure  251(A)  shows  the  coefficients  found  by 
various  investigators   foi  ndi  foi    various 

ratios  of  radius  <>f  bend  to  diameter  of  pipe,  and 
an  adjusted  curve  assumed  i<>  !>«■  suitable  for  large 
pipes  Figure  251(B  indicates  the  correction 
factor  to  be  applied  to  the  values  indicated  in 
figure  251 I  A  I  for  other  than  '.to  '  bends     The  value 

D 


of  the  loss  coefficient,  A',    for  various  values  of 


can  be  applied  directly  for  circular  conduits;  for 
reactangular  conduits  l>  i>  taken  as  the  height  of 
the  section  in  the  plane  of  the  bend. 

(f)    '/'runs, tinn   I  Head  losses  in  gradual 

contractions  or  expansions  in  a  conduil   can   be 

considered  in  relation   to  the  increase  or  d( 
in   velocity   head,  and   will   vary  according  to   the 
rate  of  change  of  the  area  and   the  length  of  the 
transition.      For  contractions  the  loss  of  head. 

)' 
where  A',  varies  from  o.i  for  gradual  contractions 

to  O.o  for  abrupt  contractions.  Where  the  flare 
angle    does    not    exceed    that    indicated    in    section 

229(b),  the  loss  coefficient  can  he  assumed  a-  0.1. 
For  greater  Hare  angles,  the  loss  coefficient  can  be 
assumed  to  vary  in  a  straight-line  relationship  to 
a  maximum  of  (i  5  for  a  right  angle  contraction. 
For   expansions,    the   loss   of   head,   A„,    will    he 


/  r  2 

approximately  equal  to  A',,.  (  ^  — —  )•  where  A' 


is 


as  follows: 
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5° 
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,,   |n 

n  18 

0  M 

,,  |0 
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K.,141 ... 
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.66 

• 

• 

(g)  Oat*  and  Vaba*  Losses  No  gate  loss  need 
be  assumed  where  a  gate  is  mounted  at  the  en- 
trance to  a  conduit  so  that  when  wide  open  it  does 
not  interfere  with  the  entrance  flow  conditions. 
Where  a  gate  is  mounted  at  either  the  upstream 
or  downstream  side  of  a  thin  headwall  such  that 

the  sides  and  bottom  of  the  jet   are  suppressed  but 

the  top  is  contracted,  lo-^s  coefficients  shown  as 

item  I)  in  table  :>()  will  apply.  Where  a  gate  is 
mounted  in  a  conduit  so  that  the  lloor.  sides,  and 
roof  both  upstream  and  downstream  are  continu- 
ous with  the  gate  opening,  only  the  lo^se-.  due  to 
the   slot    will    need    to    be   considered,    for    which    a 
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A)  VARIATION   OF  BEND  COEFFICIENT  WITH   RELATIVE  RADIUS  FOR  90°  BENDS 
OF  CIRCULAR  CROSS   SECTION,  AS  MEASURED  BY  VARIOUS    INVESTIGATORS 
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(B)    FACTORS    FOR    OTHER   THAN   90°  BENDS 
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Figure  257.      Bend  loss  coefficients. 
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wilur  of  Kg  n>>(  exceeding  0  i  might  be  assumed. 
Km  parti}  open  gates,  1 1  *  *  -  coefficient  of  loss  will 
depend  on  the  top  contraction;  for  smaller  open- 
ing! it  will  approach  the  value  of  1.0  as  Bhown  for 
item  b  in  table  .JO. 

Foi  wide  open  gate  valves  Kt  will  approximate 
O.lQ.  Similar  to  parti)  open  gates,  values  <>f  the 
oefficienl  will  increase  for  smaller  valve 
openings  Indicated  loss  coefficients  for  parti) 
open  gate  valves  are  1.15  for  three-fourtha  open, 
;,  i,  for  one-half  open,  and  24.0  for  one-fourth 
open  Average  values  of  I\t  for  butterfly  valves 
io  the  wide  open  position  *i i« ■  about  0  15;  values 
\ni\  between  0.1  and  0.5,  depending  on  the 
thickness  of  the  gate  leaf  in  relation  to  the  gross 
ares  Losses  in  spherical  valves  are  negligible. 
Exit  Losses.     No  recovery  of  velocity  head 

will  occur  where  the  release  from  a  pressure  con- 
duit freely  discharges,  or  is  submerged  or  sup- 
ported on  a  downstream  Boor.  The  velocity  head 
loss  coefficient,  A',,  in  these  instances  is  equal  to 
io     When  a  diverging  tube  is  provided  at  the 

end   of   a    conduit,    recovery    of   a    portion    of   the 

velocity  head  will  be  obtained  if  the  tube  expands 
gradually  and  if  the  end  of  the  tube  is  submerged. 

The  velocity  head  loss  coefficient  will  then  he 
reduced  from  the  value  of  1.0  by  the  degree  of 
velocity  head  recovery.  If  fl,  is  the  area  at  the 
beginning  of  the  diverging  tube  and  a,  is  the  area 

at  the  end  of  the  tube,  A\  is  equal  to  f  —  1  • 

229.  Transition  Shapes,  (a) Entrances.  To  min- 
imize head  losses  and  to  avoid  zones  where  cavi- 
tation pressures  can  develop,  the  entrance  to  a 
pressure  conduit  should  be  streamlined  to  provide 
smooth,  gradual  changes  in  the  flow.  To  obtain 
the  best  inlet  efficiency,  the  shape  of  the  entrance 
should  simulate  that  of  a  jet  discharging  into  air. 
As  with  the  nappe-shaped  weir,  the  entrance 
shape  should  guide  and  support  the  jet  with 
minimum  interference  until  it  is  contracted  to 
the  dimensions  of  the  counduit.  If  the  entrance 
curve  is  too  sharp  or  too  short,  Bubatmospheric 
pressure  areas  which  may  induce  cavitation  will 
develop.  A  bellmouth  entrance  which  conforms 
to  or  slightly  encroaches  upon  the  free-jet  profile 
will  provide  the  best  entrance  shape.  For  a 
circular  entrance,  this  shape  can  be  approximated 
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b\  an  elliptical  entrance  curve  represented  l>\  the 

equat  ion 


0  -  ' 


i 


where  /  and  y  are  coordinates  wrh< 
parallel  to  and  0.65D  from  the  conduit  centerline 
and   whose  .'/-'/  axis  is    normal   to    the   conduit- 
centerline   and   0.5D  downstream    from    the   en- 
trance face.     The  factor  l>  is  the  diameter  of  the 

conduit  at  the  end  of  the  entrance  transition, 

The  jet   issuing  from  a  square  or  rectangular 

opening    is    not    a-    easil)    defined    a-<    one    issuing 
from    a    circular    opening;    the    lop    and    bottom 

curves  ma)   differ  from  the  side  curves  both  in 
length  and  curvature      Consequently,  it  i-  m< 
difficult    to    determine    a    transition    which    will 
eliminate  Bubatmospheric  pressures      An  elliptical 

curved   entrance   which   will   tend    to  minimize   the 
negative  pressure  effects  i-  defined  h\   t  he  equat  ion  : 


i+ 


y 


i>     o 


=i 


where  l>  is  the  vertical  height  of  the  conduit  for 

defining   the    top   and    bottom    curves,    and    is    the 

horizontal  width  of  the  conduit  for  defining  the 

side     curves,      The     major     and     minor     axes     are 

positioned    similarly    to    those    indicated    for    the 
circular  bellmouth. 

For  a  rectangular  entrance  with  the  bottom 
placed  even  with  the  upstream  floor  and  with 
curved  guide  piers  at  each  side  of  the  entrance 
opening,  both  the  bottom  and  side  contract  ii 
will  be  BUppreSSed  and  a  -harper  contraction  will 
take  place  at  the  top  of  the  opening.  For  this 
condition  the  top  contraction  curve  is  defined 
by  the  equation : 


ir~  0.67Z>)« 


where    U    is    the    vertical    height    of    the    conduit 
downstream  from  the  entrance  sha| 

(b)  Contractions  and  Expansions      To  minimize 

head    losses    and    to    avoid    cavitation    tendeii 
along  the  conduit  surfaces,  contraction  and  expan- 
sion transitions  to  and  from  irate  control  sections 
in    a    pressure    conduit    should    be    gradual.      For 
contraction-,     the     maximum     convergent     ai 
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should  not  exceed  that  indicated  by  the  relation- 
ship: 


tan  a=^ 
L 


(17) 


where: 


a=the  angle  of  the  conduit  wall  surfaces  with 
respect  to  its  centerline,  and 

£7=  an  arbitrary  parameter    • 

The  values  of  v  and  D  are  the  average  of  tht, 
velocities  and  diameters  at  the  beginning  and  end 
of  the  transition. 

Expansions  should  be  more  gradual  than  con- 
tractions because  of  the  danger  of  cavitation  where 
sharp  changes  in  the  side  walls  occur.  Further- 
more, as  has  been  indicated  in  section  228(f),  loss 
coefficients  for  expansions  increase  rapidly  after 
the  flare  angle  exceeds  about  10°.  Expansions 
should  be  based  on  the  relationship: 


tan  a= 


2C7 


(18) 


The  notations  are  the  same  as  for  equation  (17). 
For  usual  installations,  the  flare  angle  should  not 
exceed  about  10°. 

The  criteria  for  establishing  maximum  con- 
traction and  expansion  angles  for  conduits  flowing 
partly  full  are  the  same  as  those  for  open  channel 
flow,  as  given  in  section  197(b). 

(c)  Exit  Transitions. — When  a  circular  conduit 
flowing  partly  full  empties  into  a  chute,  the  transi- 
tion from  the  circular  section  to  one  with  a  flat 
bottom  can  be  made  in  the  open  channel  down- 
stream from  the  conduit  portal,  or  it  can  be  made 
within  the  conduit  so  that  the  bottom  will  be  flat 
at  the  portal  section.  Ordinarily,  the  transition 
is  made  by  gradually  decreasing  the  circular 
quadrants  from  full  radius  at  the  upstream  end  of 
the  transition  to  zero  at  the  downstream  end. 
For  usual  installations  the  length  of  the  transition 
can  be  related  to  the  exit  velocity.  An  empirical 
rule  which  will  give  a  satisfactory  transition  is: 


L  (in  feet)  = 


vD 


(19) 


where: 


»=the  exit  velocity  in  feet  per  second,  and 
D  =  the  conduit  diameter  in  feet. 


Downstream  from  a  free-flow  conduit  the  chute 
sections,  including  the  transition  into  a  stilling 
basin,  will  be  governed  by  open  channel  flow 
criteria.  Floor  curvatures  and  maximum  flare 
angles  should  be  determined  by  equations  (19) 
and  (21),  respectively,  of  chapter  VIII.  To. 
reduce  the  length  of  the  open  channel  portion  from 
the  conduit  portal  to  the  stilling  basin,  the  begin- 
ning of  the  flare  and  of  the  convex  curve  may  be 
located  inside  the  conduit.  This  transition  may 
be  combined  with  the  transition  of  the  bottom 
shape. 

In  certain  instances,  as  illustrated  on  figure  241, 
Crane  Prairie  Dam,  and  figure  243,  Scofield  and 
Xewton  Dams,  an  adverse  slope  and  a  hump  have 
been  employed  immediately  downstream  from  the 
portal  to  permit  more  rapid  widening  of  the 
channel  before  it  enters  the  basin.  Xo  firm 
criteria  have  been  established  for  the  design  of 
these  devices;  the  details  were  determined  by 
model  tests.  Certain  inherent  disadvantages  to 
this  type  of  design  are:  (1)  Care  must  be  taken 
to  avoid  a  hump  of  such  height  that  back  pressure 
will  cause  a  hydraulic  jump  to  occur  inside  the 
conduit,  (2)  the  floor  section  at  the  hump  must  be 
made  structurally  sufficient  to  withstand  the  large 
dynamic  forces  resulting  from  impingement  of  the 
flow  on  the  rising  floor,  (3)  during  periods  of  no 
flow  a  pond  which  can  freeze  during  the  winter  is 
formed  in  the  conduit  unless  provision  is  made  to 
drain  the  sump,  and  (4)  access  into  the  down- 
stream conduit  is  difficult  unless  drainage  is  pro- 
vided. Depending  on  tailwater  conditions,  pump-  -: 
ing  may  be  required  to  provide  drainage. 

230.  Terminal  Structures. —  (a)  General. — Deflec- 
tor buckets,  hydraulic  jump  basins,  and  im- 
pact type  stilling  basins  are  suitable  terminal 
structures  for  free-flow  conduits,  when  appropri- 
ately used.  These  structures  are  commonly  used 
in  conjunction  with  spillways,  and  their  hydraulic 
designs  are  discussed  in  part  E  of  chapter  VIII. 
Other  types  of  stilling  devices  employed  more 
often  with  outlet  works  than  with  spillways  are 
plunge  basins  and  stilling  wells.  The  hydraulic 
designs  of  these  structures  are  discussed  in  this 
section. 

The  hydraulic  jump  stilling  basin,  however,  is 
most  often  used  for  energy  dissipation  of  outlet 
works  discharges.  Where  flow  emerges  from  the 
outlet  in  the  form  of  a  free  jet,  as  will  be  the  case 
with  valve-controlled  outlets  of  pressure  conduits, 
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it  must  be  directed  onto  the  transition  flooi 
approaching  the  basin  bo  it  will  become  uniformly 
distributed  before  entering  the  basin.  Otherwise 
proper  dissipation  of  energy  will  not  be  obtained 

To  >\  aluate  the  energy  which  must  be  dissipated 
l,v  tin-  stilling  device,  the  losses  through  the 
outlet  system  Bhould  be  minimized,  as  discussed 
in  sections  226  and  228(b).  The  specific  energy 
immediately  downstream  from  a  gate  or  valve 
oontrol  will  equal  the  exit  velocit)  head  based  on 
minimum  losses  through  tin-  pressure  Bystem,  as 
measured  above  the  outflowing  water  surface 
If  specific  energies  have  not  Kith  computed, 
approximate  basin  depths  can  be  obtained  from 
figure  208,  as  discussed  in  section  199(d). 

/'htmi)  Basins.  Where  the  outlet  conduit 
ends  with  a  lli|)  bucket  or  where  flows  issue  from 
a  downstream  control  valve  or  freely  discharging 
pipe,  a  riprap-  or  concrete-lined  trapezoidal 
plunge  basin  might  be  utilized.  Such  a  basin 
should  be  employed  onl)  where  the  jet  discharges 
into  the  air  and  then  plunges  downward  into  the 
basin  Tests  have  shown  that  if  the  angle  of 
impingement  is  too  Hat  the  jet  will  ride  and  skip 
across  the  BUrface  at  high  velocity.  This  will 
cause  waves  and  eddies  in  the  hash)  sufficient  to 
erode   the  side  -dopes,   and    there   will   he   high   exit 

\  •elocit  iee 

As   indicated    in    section    203,    no    fixed    criteria 
have  yet  been  established  for  plunge  basins  which 

will  provide  satisfactory  dissipation  for  all  heads, 
discharges,  and  incoming  jet  conditions.  How- 
ever, criteria  that  were  established  for  several 
small  outlet  works  plunge  basins  which  have 
operated  reasonably  satisfactorily  are  herewith 
presented  for  use  only  as  a  preliminary  guide  to 
determine  approximate  basin  geometry.  The 
genera]  arrangement  of  this  basin  is  represented  on 
figure  252.  The  basin  depths  were  made  about 
one-fifth  of  the  difference  in  elevation  between 
maximum  reservoir  water  surfaces  and  maximum 
kailwater  levels.  The  minimum  bottom  widths 
were  made  the  width  of  the  incoming  jet.  or  the 
width  required  to  limit  the  average  velocity  at 
the  end  of  the  basin  to  about  3  feet  per  second, 
whichever  was  greater. 
(c)  Stilling  Wells.  Stilling  well  designs  as 
tied  in  section  223  are  illustrated  on  figures 

253  and  254  The  well  dimensions  and  per- 
formance criteria  for  these  designs  were  estab- 
lished  from  model  tests,   and  general  criteria   for 
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h  designs  applicable  to  various  conditions  w< 
not    determined.     The    hydraulic   stilling   action 
ui    these    dei  ii  ills    from    turbulence    and 

diffusion  of  the  incoming  high-energj    How    into 

the  water  hulk  in  the  well,  ami  successful  sidling 
is  aided  materially   l»\    special  fillets  and  diffu 
blocks  incorporated   along    Lh<  and  in  the 

COrnerS    of    the    well         The    net     Mien     of    the    Well    |s 

general!}  selected  h\  limiting  the  average  rising 
velocity    to   between    I    and   3   feet    p<  ,d 

The  total  depth  of  the  well  will  l»e  dictated  l>.\  the 
energy  of  the  incoming  How  winch  must  he  dii 
pated.  and   by   the  effectiveness  <>f  the  diffui 
blocks  and   fillets   m   diffusing   the    rising    flow 
Basin-,   with    similar   criteria    can    be    patterned 
after    those    illustrated    in    the    figures     liasms 
for  considerably   different    conditions  should    he 

model   tested 

231 .    Chart  for  Estimating  Pressure  Conduit  Sizes. 

Figure  255  is  a  nomograph  for  the  solution  of  the 
equation  for  pipe  How.  H\  use  of  this  figure,  the 
required  conduit  diameter  can  he  determined  for  a 

given  length  and  gross  head  from  reservoir  water 
surface  to  the  end  of  the  pipe.      As  will   he  noted 

from  the  equation,  an  average  total  head  i 
coefficient  of  0.5  has  been  assumed  for  all  con- 
tributing losses  except  friction.  It  will  also  !>'• 
noted  that  a  value  of  n  of  0.013  was  used  in  de- 
termining friction  losses  Adjustments  for  other 
values  of  n  can  he  made  by  using  a  compensated 

value   for   /,  determined   as  shown   on    the   figure. 

To  illustrate  the  Use  of  the  nomograph,  assume 
the  value  of  //  to  he  (I  013,  an  available  gross  head 
of  a  feet,  a  conduit  length  of  300  feet,  and  a 
required  discharge  of  30n  second-feet.  First, 
find  the  intersection  of  the  discharge  and  length 
on  the  right-hand  portion  of  the  figure.  Lay  a 
straightedge  extending  from  this  intersection  to 
the  5-foot  mark  on  the  gross  head  scale  Where 
the  straightedge  intersects  the  300-foot  length  on 
the  left  portion  of  the  diagram,  tend  the  diameter 
of  ").7")  feet.  Similarly,  for  a  10-foot  l'ioss  head, 
a  length  of  300  feet,  and  a  discharge  of  300  Becond- 
feet,  a  3.7-foot -diameter  pipe  is  found  to  he  need) 

If  the  size  of  an  unlined  tunnel  having  an  esti- 
mated value  of  ii  of  0.0225  i->  desired  for  the  same 
length  and  discharge  ns  before,  the  adjusted 
length    of    conduit    to    be    Used    will    he    equal    to 

i  .„,)'■  O    f""'  ti- "•''•""■•i 

diameter   for   a    .".-foot    <;ross    head    i»    found    to    he 
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-Lip  of  bucket  or 
position  of  control 
valve. 


--Top  of  riprap 


-End  of  basin 


Direction 
of  flow 


-Top  of  riprap 


PLAN 


,- -Trajectory  of  jet  based  on 
minimum  energy  loss 

Freeboard=0.2t>i 


-Maximum  tailwater 
, -Minimum  tailwater 


/  ^-Top  of  riprap 


Riverbed- 


Point  of  impingement  of 
trajectory  and  basin  floor 


ELEVATION 
Figure  252.     Plunge  basin  energy  dissipator. 


approximately  6.5  feet,  from  the  chart.  For  a 
40-foot  head,  the  required  diameter  is  found  to  be 
about  4.3  feet. 

The  chart  can  also  be  used  to  estimate  the  sizes 
of  pipe  in  a  compound  system  by  considering 
each  size  separately  and  then  adjusting  for  the 
recovery  of  velocity  head.  For  example,  assume 
an  upstream  conduit  200  feet  long  and  7  feet  in 
diameter  discharging  300  second-feet  into  a  down- 
stream pipe  300  feet  long  and  4  feet  in  diameter. 
On  the  basis  of  an  n  of  0.013,  the  gross  head  for 


a  separate  pipe  of  the  dimensions  of  the  down- 
stream pipe  will  be  about  29  feet.  Similarly,  the 
required  head  for  a  separate  pipe  of  the  dimensions 
of  the  upstream  conduit  will  be  about  2  feet.  The 
velocity  head,  hv,  in  the  upstream  pipe  will  be 
equal  to: 

1  /Q\«_    1     r(4)(300)T  f 

Then  the  gross  head  required  will  be  29  feet  +2 
feet  —0.95  foot,  or  approximately  30  feet. 
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i  4 1 4'  h  P  Slide  gote 

SECTION     B-B 

Gross  operotmg  heod  ( reservoir  worer  surface 
minus  conal   water   surface)  varies  from    i5'  to  80' 
Monmum   normal  operating  copocity    300  second-feet 
Moiimum  emergency  capacity  690  second-feet 


ir  intake  head  """         i    ■  IT 


Vlntilotmg   system 
blower  unit 


SECT  ION      A-A 


Figurt  253.      Riser  well  energy  dissipator  inslollation  at  Trenton  Dam,  Neb. 
l-  Ci'i;  o     QO  it, 
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232.  Design  Examples. — To  illustrate  the  pro- 
cedures for  hydraulic  design  of  outlet  works  two 
examples  are  presented. 

(a)  Example  1. — The  problem  is  to  compute  a 
discharge  curve  for  the  conduit  for  Wasco  Dam 
shown  on  figure  154,  and  to  check  the  stilling 
basin  for  the  condition  of  design  discharge.  The 
outlet  works  is  to  discharge  300  second-feet  with 
the  reservoir  at  normal  water  surface.  The  solu- 
tion is  as  follows: 

First  determine  the  total  head  needed  to  pro- 
duce flow  in  terms  of  the  component  losses  from 
equation  (4),  listing  both  maximum  and  minimum 
assumed  losses  and  relating  the  loss  coefficients 
to  the  area  of  the  conduit  barrel.  These  assump- 
tions and  computations  are  tabulated  in  table  31. 


From  equation  (7),  Q=a1-%l    v  T>  for 
loss   conditions   Q  is  equal   to  20 


maximum 


64.4#2 


yH7 


"V    12.28 


=45.8 


20 


For  minimum  loss  conditions  Q  is  equal  to 
=  56.8  -\  HT.     Discharges  based  on  the 


Dissipator    designed    to   operate  for 
reservoir   heads  from  5  to  42  feet. 
Maximum   capacity  23  second-feet 
Tailwater  for  all  discharges  is 
below  top  of    baffle    wall 


Figure  254.     Stilling  well  energy  dissipator  installation  at 
Rattlesnake  Dam,  Colo. 


64.4gr 

\    7.98 

average  for  these  two  extremes  will  be  represented 
approximately  by  the  equation  #=51  yHT.  A 
discharge  curve  for  this  relationship  as  shown  on 
figure  154  can  be  computed  if  the  value  of  HT  is 
determined.  Since  the  jet  issuing  from  the  gate 
opening  is  supported,  HT  will  be  measured  from 
the  normal  water  surface  to  the  top  of  the  jet. 

The  depth  of  water  downstream  from  the  gate 
opening  may  be  estimated  by  use  of  the  coefficient 


Table  31. — Computation  of  total  loss  coefficients — Example  1 


Area  of  element, 

(=)■ 

Coefficient 

Maximum  loss  considerations 

Minimum  loss  considerations 

Element 

square  feet 

Loss                    symbol 

Coefficient 

(  —  J  X  coefficient 

Coefficient 

(  —  )  X  coefficient 

Gross,  326;  net,  272.. 

20.0 

20.0 

9.0 

0.005 

1.00 

1.00 

4.9 

Trashrack 

'  K, 
2  K, 
>K, 

>K, 
K, 

1.09 
.20 
.51 
.20 
.20 
1.20 
1.00 

0.01 

.20 

.51 

-.20 

.98 

5.88 

4.90 

0.36 
.07 
.17 
.10 
.10 
.50 

1.00 

0.00 

Entrance 

.07 

Conduit 

Friction 

.17 

Gate _.. 

Transition 

do 

Gate 

Exit 

—.10 

.49 

2.45 

4.90 

Total  loss  coefficient,  Kt.. ..  

12.28 

7.98 

ai=area  of  conduit. 
aT  =  area  of  element . 
1  From  equation  (11): 

—  J-(  — J  =1.09 

(272\       /272\* 
—  )-l  —  )  =0.36 

!  From  table  30,  item  h. 


K/=29.l  n"-(^-\   i  =  101  feet,  i 


=  1.11,  n„o,=C014,  ;i„,„=0.008 


1  Because  of  the  wet  well  immediately  above  the  transit  ion.  assume  a  maxi- 
mum A\of  0.2  and  a  minimum  of  0.1. 

5  From  table  30,  item  b.  Note  that  when  both  gates  are  wide  open,  the 
downstream  gate  will  not  be  submerged  because  of  the  top  contraction  of  the 
issuing  stream  through  the  upstream  gate  and  therefore  will  not  affect  the 
flow. 
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LENGTH   IN   FEET 


8      i 


S       : 


Chart  gives  the  required  diameter  of  pipe  or 
conduit  tor  Known  values  of  gross  heoo 
and  discharge  Single  solution  hne  gives 
relationship  between  head,  discharge, 
'nction  length  ond  diameter 


Water  surface 


Gross  head  =  15  j- 

\    n    I  ' 
For  value  of  n   differing  from  OOI3,use  length"  t>\ooi3j  L 


Figure  255.      Chart  for  solution  of  the  discharge  through  large  pipes  flowing  under  pressure. 
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of  discharge  for  the  gate,  which  in  this  case  is  an 
approximate  measure  of  the  top  contraction. 
From  item  b  of  table  30,  the  maximum,  minimum, 
and  average  values  of  the  coefficient  of  discharge 
are  0.81,  0.68,  and  0.70,  respectively.  The 
approximate  depth  of  water  downstream  from  the 
gate  will  be  these  values  multiplied  by  the  height 
of  the  gate  (3.0  feet),  or  2.4,  2.0,  and  2.1  feet, 
respectively.  Values  of  HT  for  maximum,  mini- 
mum, and  average  losses  are  found  by  subtracting 
the  elevation  of  the  corresponding  downstream 
water  surfaces  from  the  normal  water  surface 
elevation  of  3514.4,  as  follows: 

HT  (maximum  losses)  =3514.4— (3478.5  +  2.0)  = 
33.9  feet. 

HT  (minimum  losses)  =  3514.4— (3478.5+2.4)  = 
33.5  feet. 

HT    (average    losses)  =3514.4- (3478.5  +  2.1)  = 
33.8  feet, 
The  corresponding  discharges  are: 

Q  (maximum  losses)  =45.8  (33.9) «=267  second- 
feet. 

Q  (minimum  losses)  =  56.8  (33.5) '*= 329  second- 
feet. 

Q  (average  losses)  =  51  (33.8)^=297  second-feet. 

The  computed  discharge  for  average  losses 
corresponds  closely  with  the  300-second-foot 
discharge  for  which  the  outlet  works  was  to  be 
designed;  therefore  that  portion  of  the  system 
which  flows  under  pressure  can  be  considered  to 
meet  the  hydraulic  design  requirements. 

In  order  to  analyze  the  downstream  free-flow 
portion  of  the  outlet  works,  the  hydraulic  gradient 
immediately  below  the  gate  must  be  determined. 
The  hydraulic  gradients  for  both  maximum  and 
minimum  losses  are  computed,  and  the  average 
hydraulic  gradient  thereby  obtained  is  used  with 
the  average  discharge  which  has  already  been 
computed. 

With  minimum  losses,  the  discharge  is  equal  to 
329  second-feet  at  normal  reservoir  water  surface 
elevation  3514.4.  If  the  gate  and  exit  loss 
coefficients  in  the  last  column  of  table  31  are  sub- 
tracted from  KL,  the  losses  upstream  from  the 
gate  are  found  to  be  0.63^Vl.     For  a  discharge  of 

329  second-feet  through  the  conduit  barrel,   the 

329 
velocity  will  be  -7^  =  16.5  feet  per  second  and  the 

velocity  head  will  be  4.2  feet.  The  loss  up  to 
the  gate  is  equal  to  (0.63)  (4.2)  =  2.7  feet,  indicat- 
ing the  hydraulic  gradient  just  upstream  from  the 


gates  to  be  at  elevation  3514.4  —  2.7  =  3511.7. 
This  provides  a  net  head  to  the  center  of  the  gate 
of  3511.7-3480.0  =  31.7  feet. 

For  the  usual  assumption  that  the  coefficient 
of  velocity  through  a  standard  orifice  is  0.98,  the 
velocity  at  the  contracted  section  downstream 
from  the  gate  is  equal  to  0.98  A  (64.4)(31.7)  =  44.3 
feet  per  second  (/ir  =  30.9  feet).     The  area  of  the 

333 
contracted  section  is  equal  to  tj~q="-5  square  feet. 

For  the  4-foot-wide  free-flow  downstream  conduit, 

7  o 
the   depth   will   be  -^-  =  1.9   feet,    thus   providing 

a  gradient  which  is  tf+Ac  or  1.9  +  30.9  =  32.8  feet 
above  the  invert  of  the  conduit  and  establishing 
the  hydraulic  gradient  at  elevation  3511.3. 

The  discharge  at  normal  water  surface  assuming 
maximum  loss  conditions  is  267  second-feet.  Fol- 
lowing the  same  procedure  as  above,  the  gradient  is 
found  to  be  at  elevation  3509.3.     The  average  ele- 

,  .,     ,     ,       ..           ,.        .    3511.3+3509.3 
vation  of  the  hydraulic  gradient  is - 

=  3510. 

The  next  step  is  to  compute  the  flow  through 
the  downstream  free-flow  conduit  for  the  design 
discharge  of  300  second-feet,  which  previous  com- 
putations have  shown  to  be  approximately  equal 
to  the  discharge  through  the  pressure  portion  of 
the  outlet  works  with  average  loss  conditions. 
Here  again,  the  losses  should  be  maximized  and 
minimized  to  determine  extreme  conditions  at  the 
downstream  portal.  Computations  can  be  tabu- 
lated as  shown  in  tables  32  and  33.  (For  proce- 
dure see  sec.  196.) 

For  the  stilling  basin  design,  from  figure  206 
for  a  value  of  Fx  of  9.4  and  a  dx  of  0.68,  as  indi- 
cated from  table  32,  the  required  tailwater  depth 
will  be  8.7  feet,  which  closely  matches  an  actual 
tailwater  depth  of  9  feet.  From  table  33  the 
depth  indicated  at  the  downstream  portal  will 
be  about  3  feet,  indicating  that  the  conduit  will 
be  about  0.6  full.  This  condition  of  flow  should 
provide  ample  air  space  to  forestall  sealing  from 
splash  or  wave  action.  The  design  of  the  free-flow 
portion  of  the  conduit  is  therefore  satisfactory 
for  the  design  discharge  of  300  second-feet, 

(b)  Example  2. — The  problem  is  to  design  an 
outlet  works  system  similar  in  layout  to  that 
shown  for  Soldier  Canyon  Dam  on  figure  244, 
capable  of  discharging  100  second-feet  at  reservoir 
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Table  32      Hydraulic  compulation 

Minimum  I." 


SI. 

Width 

■1 

r 

A. 

r 

1 

«i+«i 

±h, 

1-lA, 

l  71 

i  ii 

3+U 

i  1 
1.9 

t  ip 

ii  : 

■ 

1  |  l« 

S3 

in; 

UK 

in  n 

;  o 

ii  i 

SI 

71 

in 

IM 

.IM, 

l  6 

OK 

in  i'ikI  of  the  hydraulic  jump  hwin,  i\    0.68,  fi     u  I  Mid  /  i  - 

Tabu  38      Hydraulic  compulations  for  free-flow  portion  of  conduit     ExampU  I 

Maximum  ho 
|» -0.018;  Q  i  ft  «-t  j 


■ 

M. 

i 

Width 

a 

A. 

r 

rW 

< 

»i+«l 
2 

bkl 

ZtXt 

di+A., 
+XAAt 

Invirl 

grsdlenl 

Ken 

1   71 

i  o 

0.05 

ii  81 

ai  i 

i  ii 

- 

in  II 

11   i 

HI    1 

.'1  B 
is  0 

1  ii 
I  01 

l  0 

i  oa 

-'i 
ii. 

14  3 

12 .7 

it  a 

12  7 

88  1 

32.9 

8477  S 

SS15.S 

high 
OK 

i  H 

80  '1 

II  ii 
in  l 

1   II 

1    Is 

1    07 
1   12 

12 

- 

H 
Y2. 

7  7 

30  3 
19.3 

- 
83  8 

8477  n 

ssia  b 

Too  high. 
OK 

■Jevation  100.0.  The  centerline  of  the  downstream 
Oontrol  valve  is  at  elevation  75.0,  and  the  Bill  of 
the  drop  inlel  intake  is  at  elevation  85.0.  The 
length  of  the  pressure  conduit  upstream  from  the 
tmergency  closure  gate  valve  is  300  feet,  including 
the  vertical  length  and  the  length  around  the 
{bend  at  the  inlet.  The  length  of  the  downstream 
pressure  pipe  is  200  feet .  'The  solution  is  as  follows: 

First,  an  evaluation  of  the  approximate  size 
of  the  conduit  can  he  obtained  by  the  use  of  the 
chart  shown  on  figure  255  and  the  procedure 
illustrated  in  section  231.  A  pipe  approximately 
feet  in  diameter  will  be  required  for  the 
entire  length  of  500  feet  for  the  available  head  of 
25  feet,  if  the  losses  other  than  for  friction  can 
he  approximated  at  0.5  ft,.  Because  of  the  installa- 
tion of  gates  or  valves  in  the  system,  these  losses 
will  likely  exceed  that  amount  and  a  somewhat 
larger  pipe  may  be  required. 

For  the  indicated  pipe  size,  a  30-inch  butterfly 
control  valve  might  be  considered.  Assuming 
that   K,  is  0.5,   the  discharge  coefficient   of  the 


head  needed  to  discharge  1  00  second-feet  will  then 

i      /       i  /<?Y      if       ioo      T    1M  ,    . 

This  will   leave  ahout    15  feet    for  all  other  lost 

Next,  consider  the  pipe  size  downstream  from 
the  gate  chamber.  A  size  equal  to  the  2.75-foot 
uniform  diameter  determined  previously  for  the 
entire  length  Plight  be  used.  The  lo->,  h,. 
through   the  200  feet   of  length   will   then  equal 

(L     r2 

'.'    s    ;  or   for   an    n    of   0.012.    from    figure    B  7 

(appendix  B),y    0.0192,  and  hf^00l^2Q0)] 

n""Tr  .-.i ,;  -  f|'«''  Tii's  i,,ss  p|,|s  ,i|('  '•«- 

|_).!)4J   [_(>4.4J 

quired     lead   for   the   valve  discharge   will   leave 

about   8.7  feet   for  upstream  and  other  lossi 

Next,  select  the  conduit  size  upstream  from  the 
pipe.  Assuming  a  3. 5-foot-diameter  conduit  with 
an  n  of  0.014,  /    0.024;  and  the  loss  through  the 


300-foot      length      is 


,     r«uv24i(:wofi  pun  t 

s  '"  L         Jlml 


valve    i>   equal    to   -/      =.oms.   Baj    0.8.     The  '  3.4    feet.     Tins   loss   pins   the   pipe   and 
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regulating  valve  losses  of  6.2  and  10.1,  respec- 
tively, total  approximately  20  feet,  leaving  about 
5  feet  for  other  losses.  This  seems  reasonable 
enough  to  warrant   evaluation. 

Assuming,  then,  a  3.5-foot-diameter  upstream 
conduit,  a  24-inch  emergency  gate  valve,  a  33-inch 
downstream  pipe,  and  a  30-inch  regulating  valve, 
a  detailed  analysis  of  the  losses  can  be  made. 
The  losses  will  be  based  on  the  maximum  loss 
coefficients  as  discussed  previously.  Table  34 
shows  the  results  in  tabular  form. 


Then  from  equation    (7),   Q 
S  ?2. 


=°>v: 


:gHT 


KT, 


value  of  KL  oi(€M?Q  is  equal  to  5.94 


for  a 
l64AHT 
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&J   _  t7 

^\§J>sH~t-,  or  for  a  25-foot  head,  #497^econd- 
feet.  This  value  is  slightly  less'  than  the  design 
requirement,  and  one  or  more  of  the  elements  must 
be  enlarged  to  reduce  the  total  loss.  If  the  emer- 
gency gate  size  is  increased  to  30  inches,  the  area 
designated  as  4  in  the  table  will  change  from  3.14 
to  4.91.     Then  the  items  f,  g,  and  h,  which  total 

1.40,  will  change  to  (^t)  (1-40),  or  0.57,  and 

the   total   value  of  KL  will  be  reduced   to  ^7l9^ 

la  a     ATI         .2/3       

Then  Q=5.94-J^4  =<gp>V#r5  or  for  a  head 
of  25  feet,  Q 


■:■■ 


econd-feet . 


/0£ 


Table  34. — Computation  of  total  loss  coefficient — Example  2 


Element 


Trashrack 

Entrance.. 

Upstream  conduit . 


Gate  valve. 


Downstream  pipe_ 
Regulating  valve_. 


Designated 
area  sub- 
script 


Area,  square  feet 


Gross,  60;  '  net,  25. 

9.62.. _ 

9.62 

9.62 

9.62 

3.14 

3.14 

3.14 

5.94.. 

5.94.— 

5.94.. 

4.91. _ 

4.91 

4.91 


CD' 

Item 

0.06 

a 

.38 

b 

.38 

c 

.38 

d 

.38 

e 

3.58 

f 

3.58 

g 

3.58 

h 

1.0 

i 

1.0 

1 

1.0 

k 

1.46 

1 

1.46 

m 

1.46 

n 

Loss 


Trashrack... 

Entrance 

Bend 

Friction 

Contraction. 

....do 

Gate  valve. . 
Expansion.. 

.  ..do 

Friction 

Contraction. 
-_.-do 


Valve. 
Exit... 


Loss 
symbol 


*  K, 
3  K, 

s  Kt 
Kc 
K, 
K< 
K,x 
KtI 
«  Kf 
K< 
Kc 
K, 
K. 


Total  loss  coefficient,  Kl- 


Loss  co- 
efficient 


1.09 
.10 
.10 

2.06 
.10 
.10 
.19 
.10 
.10 

1.40 
.10 
.10 
.50 

1.00 


(£)' 


times 
loss  coefficient 


-/a 


0.06 

.04 

.04 

.78 

-.04 

.36 

.68 

.36 

-.10 

1.40 

<S£ 

.15 

.73 

1.46 


ai  =  area  of  conduit. 
ai  =  area  of  element. 

1  Assuming  trashracks  designed  for  2  feet  per  second  velocity  and  50  percent 
clogged,  gross  area=net  areaX1.2=60. 

■~«— <©-©■— 

3  From  table  30,  item  g. 
1  From  fig.  251. 


s  K/=jj,  Z>=3.5,  H=0.014,/from  fig.  B-7  (appendix  B)=0.024 


Kr.wmm.2M 


JL 


6  K/=—  i  #=2.75,  n=0.012, /from  fig.  B-7  (appendix  B)=0.0192 

(0.0192) (200) 
K,= — =  1.40 
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233.  General. — The  same  types  of  structures 
may  be  used  for  either  spillways  or  outlet  works. 
Spillways  utilize  open  channels  more  often  than 
do  outlet  works,  and  the  structural  design  details 
for  open  channels  are  therefore  discussed  in  part  G 
of  chapter  VIII.  The  details  of  the  design  of 
walls,  open  channel  linings,  and  floors,  discussed 
as   spillway   structures,    are    applicable    to    these 


structures  when  used  for  outlet  works.  Also,  the 
headworks  of  open  channel  outlet  works  are  similar 
to  gated  crest  structures  for  spillways  as  regards 
structural  design  details. 

On  the  other  hand,  closed  conduit  waterways 
are  more  commonly  used  for  outlet  works  than 
they  are  for  spillways,  and  the  design  details  of 
closed    conduits    are    therefore    discussed    in    this 
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hapter.    The   design   details   are    the   same    in 
ither  case 

\  closed  conduit  waterway  might  be  i  caat-in- 
tlaoe  cut-and-cover  culvert  or  conduit,  ■  precast 
r  prefabricated  pipe,  or  i  tunnel  bored  through 
Im-  abutment  Waterways  for  a  spillwa)  will 
oost  often  l>e  free  flowing,  while  those  for  outlet 
rorkfl  inii\  either  How  full  under  pressure  or 
.artl\  full  The  security  of  earthfil]  and  roeklill 
lane-  depends  to  a  large  degree  on  the  aafet)  of 
In-  Bpillway  and  outlet  structures,  especially 
slieii  conduits  pass  through  the  embankment. 
n  those  cases  where  all  or  part  of  a  conduit  is 
aider  internal  pressure  due  to  reservoir  head. 
m\  leakage  or  failure  of  the  conduit  ina\  cause 
tpenings  through  the  dam  which  may  gradually 
it-  enlarged  until  partial  or  complete  failure 
esults  There  is  also  the  danger  of  seepage  along 
In-  contact  surfaces  between  the  conduit  and  the 
•arthlill.  which  ina\  result  in  serious  damage  A 
bird  danger  is  the  possibility  of  structural  col- 
apse  of  the  conduit  which  would  be  almost  certain 
0   result    in    failure   of  an    earthlill   dam.      These 

acts  emphasize  the  importance  <»f  using  durable 
oaterials,  conservative  design  procedures,  proper 
le&igri  details,  and  construction  methods  that 
.\  ill  insure  safe  structures 

Replacement  of  a  conduit  through  either  an 
•arthlill  or  roeklill  dam  is  usually  a  difficult  and 
ixpensive  operation  which  can  be  avoided  by  the 
DM  of  permanent  material,  such  as  cast  iron  for 
Small  Bize  pipe-  and  reinforced  concrete  cast-in- 
place  conduit  or  precast  concrete  pipe  for  larger  sizes. 
For  -mall  reservoirs  with  comparatively  low- 
head-,  exceptions  may  be  made  only  where  the 
possible  damage  from  failure  is  of  little  or  no 
consequence.  In  such  cases,  where  it  is  economi- 
cally ad\  antageous,  the  use  of  iron  or  steel  pipe 
protected  by  galvanizing  or  bituminous  coating 
or  by  some  other  rust-resisting  treatment  may  be 
justifiable.  It  should  be  recognized  that  buried 
steel  pipe  is  vulnerable  to  deterioration  from 
electrolytic  action,  even  where  rust-resisting 
treatments  or  protective  coatings  are  provided. 
Limited  service  with  a  possibility  of  eventual 
failure  must  therefore  be  expected.  The  use  of 
iron  or  steel  pipe  as  a  watertight  liner  in  a  con- 
crete conduit  is  permissible.  However,  unencased 
metal  pipe  should  not  be  used  if  loss  of  life  or 
serious  damage  to  property  will  result  from  failure 
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of    the    dam     which     might     follow     tlet  eriorat  ion 

of  the  pipe 

Conduit    joint-    niu-l     be    made    watertight     to 

prevent  leakage  into  the  surrounding  embank- 
ment.     Joint-   of   concrete   ia-t-iii-place   conduits 

inu-i  be  sealed  with  water-top-,  and  rubber- 
gasketed  joints  must  be  used  for  precast  concrete 

pipe       For   metal   pipe,   coupling-   are   required 

which   will   remain    watertight    after  movement    "i 

settlement  of  the  pipe.  Corrugated  metal  pipe 
with  riveted  seams  should  not  be  used  for  conduits 

unless  the  seams  are  welded  or  adequately  Calked 

and  sealed  with  durable  material-      If  used  for 

pressure   conduits,    corrugated    metal    pipe   should 

be  pretested  for  watertightness  with  pressures 
equal  to  twice  the  operating  head 

When  the  outlet  conduit  consists  of  prefabri- 
cated pipe,  whether  of  reinforced  concrete,  cast 
iron,  or  steel,  the  methods  of  betiding  the  pipe 
and  backfilling  around  it  should  be  such  a-  to 
insure,  insofar  BS  possible,  against  unequal  settle- 
ment and  to  secure  the  most  uniform  possible 
distribution  of  load  on  the  foundation.  When 
filling  around  these  structures,  extreme  care 
should  be  taken  to  secure  tight  contact  between 
the  fill  and  the  conduit  surface  and  to  obtain 
proper  densities  of  the  earthfill  material. 
sec.  E-4,  app.  E.)  This  is  important  not  only  for 
the  prevention  of  seepage  along  the  conduit,  but 
also  to  insure  that  the  fill  develops  a  lateral 
restraint  on  the  structure  which  will  prevent 
excessive  stresses  in  the  conduit  shell. 

When  the  outlet  consists  of  precast  reinforced 
concrete  or  metal  pipe,  it  should  be  set  carefully  on 
a  good  foundation  and  well  bedded  in  concrete,  as 
shown  on  figure  C-2  (app.  C).  The  concrete 
bedding  not  only  aids  in  distributing  the  conduit 
load  on  the  foundation,  but  also  guarantees  against 
uncompact ed  zones  and  void  spaces  under  the  pipe 
which  could  induce  leakage  along  the  undersurface 
of  the  structure.  Void  spaces  or  inadequate  com- 
paction of  impervious  materials  at  the  invert  of 
pipes  have  been  the  cause  of  numerous  failures  of 
small  earthlill  dams  The  practice  of  supporting 
pipes  on  piers  or  collars  w  itllOUt  a  concrete  bedding 
should  be  avoided,  because  the  greater  foundation 

reaction  at  the  concentrated  support  points  will 
cause  unequal  stress  distribution  in  the  pipe. 
Furthermore,  if  the  foundation  settles  from  under 
the  conduit  between  piers,  the  unsupported  con- 
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duit  will  sag  and  crack.  If  the  conduit  is  suffi- 
ciently strong  to  sustain  the  fill  load,  the  earth 
shrinking  away  from  the  underside  will  leave 
voids  which  will  permit  the  free  passage  of  water. 

Details  of  design  for  cut-and-cover  conduits  are 
discussed  in  section  235. 

234.  Tunnel  Details. — Linings  are  provided  in 
tunnel  waterways  for  both  hydraulic  and  struc- 
tural reasons.  The  smooth  boundary  surfaces 
reduce  frietional  resistance  and  permit  a  smaller 
diameter  tunnel  for  a  required  capacity.  Lining 
also  is  used  to  prevent  saturation  of  the  surround- 
ing ground  by  seepage.  Structural  lining  is  used 
to  support  the  tunnel  walls  against  raveling  or 
yielding  ground. 

The  thickness  of  lining  needed  to  form  smooth 
surfaces  or  to  reduce  seepage  is  the  minimum 
which,  will  avert  cracking  from  expansion  and 
contraction  due  to  temperature  change.  For 
ordinary  linings  where  reasonably  stable  ground  is 
encountered  and  where  a  minimum  of  tunnel  sup- 
port is  required,  an  average  lining  thickness 
between  %  and  1  inch  per  foot  of  tunnel  diameter 
is  ordinarily  used.  The  minimum  thickness 
usually  provided  is  6  inches.  Yielding  ground  or 
areas  through  water-bearing  strata  may  require 
thicker  linings  to  resist  external  loads  and  hydro- 
static pressures.  A  full  circular  lining  is  the  most 
efficient  shape  to  withstand  such  external  loads. 

Where  the  tunnel  lining  is  to  be  reinforced,  it 
must  be  made  sufficiently  thick  both  to  accommo- 
date the  reinforcement  mat  and  to  provide 
sufficient  room  for  placing  the  concrete  in  the  con- 
fined space  behind  the  forms.  A  minimum  thick- 
ness of  8  inches  is  suggested  for  tunnel  linings  with 
a  single  layer  of  reinforcement.  Where  two  layers 
of  reinforcement  are  required,  a  minimum  thick- 
ness of  12  inches  may  be  desirable. 

The  portions  of  a  tunnel  which  must  be  rein- 
forced and  the  amount  of  reinforcement  required 
depends  on  the  physical  features  of  the  tunnel  and 
many  geological  factors.  For  a  free-flow  tunnel, 
reinforcement  may  be  required  to  resist  external 
loads  due  to  unstable  ground  or  to  grout  or  water 
pressures.  Pressure  tunnels  with  high  hydro- 
static loads  must  have  lining  reinforced  sufficiently 
to  withstand  bursting  where  inadequate  cover  or 
unstable  supporting  rock  prevails. 

A  suggested  general  guide  for  determining  rein- 
forcement requirements  in  tunnels  is  as  follows: 

(1)  A  pressure  tunnel  should  ordinarily  be 
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reinforced  whenever  the  depth  of  cover  is  less 
than  about  1.5  times  the  unbalanced  internal 
pressure  head.  For  determining  the  required 
reinforcement,  the  external  pressure  is  as-, 
sumed  to  vary  from  full  reservoir  head  at  the 
upstream  end  of  the  tunnel  to  zero  pressure 
at  the  control  when  it  changes  to  a  free-flow 
tunnel.  The  reinforcement  should  be  suffi- 
cient to  withstand  bursting  pressures  without 
considering  support  from  the  surrounding 
rock. 

(2)  The  transition  of  a  pressure  tunnel  to 
a  free-flow  tunnel  should  be  specially  rein- 
forced to  prevent  excessive  cracking  which 
would  permit  leakage  from  the  pressure ' 
portion  of  the  tunnel  to  enter  behind  the 
lining  of  the  free-flow  portion.  Reinforce- 
ment for  the  pressure  portion  for  a  distance 
upstream  from  the  junction  equal  to  five 
times  the  diameter  of  the  tunnel  should  be 
based  on  full  internal  hydrostatic  head  with 
no  allowance  for  restraint  from  the  surround- 
ing rock.  The  free-flow  portion  of  the  tunnel 
should  be  reinforced  for  a  distance  down- 
stream from  the  junction  equal  to  twice  the 
tunnel  diameter,  assuming  that  hydrostatic 
head  equal  to  the  internal  head  just  up- 
stream from  the  junction  can  be  exerted  on 
only  a  semicircular  portion  of  the  outside  of 
the  tunnel  lining,  which  would  cause  an 
unbalanced  external  load. 

(3)  A  nominal  amount  of  both  longitudinal 
and  circumferential  reinforcement  should  be 
provided  near  the  portals  of  both  pressure 
and  free-flow  tunnels  to  resist  loads  resulting 
from  loosened  rock  headings  or  from  slough- 
ing of  the  portal  cuts.  This  reinforcement 
should  extend  back  from  the  portal  faces  for 
a  distance  equal  to  twice  the  tunnel  diameter. 

(4)  If  in  competent  rock,  the  tunnel  other 
than  at  the  portals  and  at  the  transition  from 
pressure  to  free-flow  may  be  unreinforced 
where  the  depth  of  cover  is  more  than  1.5 
times  the  unbalanced  internal  pressure  head. 
If  in  unstable  ground,  lining  should  be  rein- 
forced to  support  probable  rock  loadings. 
Methods  of  estimating  loadings  for  tunnel 
supports  as  given  in  the  publication  "Rock 
Tunneling  With  Steel  Supports"  [5]  can  be 
used  to  estimate  requirements  for  reinforced 
lining. 
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If  unstable  material  is  encountered  in  driving 
„  tunnel,  il  is  usuall}  necessar}  to  provide  some 
means  of  supporting  the  tunnel  roof  and  Bides 
until  the  concrete  lining  has  been  placed.  These 
supports  ma}  In-  either  temporal*}  or  permanent 
Temporan  supports,  usuall}  timber  ribs  and 
11,',  arc  removed  before  the  concrete  lining  is 
placed,  while  permanent  supports  are  left  in  place 
and  embedded  in  concrete.  Permanent  supports 
consist  of  steel  ribs,  steel-liner  plates,  or  a  com- 
bination of  the  two.  Individual  n>«>f  holts  or  \\  ire 
iiifsli  lagging  wild  roof  holts  also  ma}  be  utilized 
to  stabilise  the  crown  of  the  tunnel  to  prevent 
raveling  or  rock  falls  during  the  construction 
period. 

Supporting  ribs  must  be  capable  of  holding  up 
blocks  of  material  whose  natural  support 
was  removed  in  excavating  the  tunnel.  The  lag- 
ging must  be  closel}  spaced  where  the  material 
slacks  off  in  small  pieces;  elsewhere  it  may  be 
wideh  spaced  or  even  omitted.  Method-  of 
assuming  and  computing  the  size  of  support-  are 
given  l>\  Proctor  unci  White  [5],  Loadings  will 
he  based  on  the  nature  of  the  ground  encountered, 
and  unless  the  exact  underground  conditions  arc 
known  beforehand,  no  definite  rules  for  design  of 
the  ground-support  Bystem  can  be  established. 
The  required  Bize  and  Bpacing  of  supports  are 
usually  determined  by  trial  as  the  work  progn 
In  permanent!}  supported  sections  of  the  tunnel. 
all  spaces  outside  of  the  lagging  or  liner  plates 
should  be  filled  as  completely  and  compactly  as 
possible  with  clean  gravel  or  rock  -pall-,  and  the 
■paces  thoroughly  filled  with  grout  after  the  lining 
ha-  been  placed. 

For    tunnels    through    jointed     rock    or    where 
leepage  is  to  he  minimized,  the  area-  BUTTOUnding 

the  tunnel  are  usually  grouted  both  to  solidify 
the  material  and  to  (ill  open  fissures  in  the  rock 
and  the  voids  between  the  lining  and  the  rock. 
Thi-  grouting  1-  accomplished  by  drilling  holes 
through  the  lining  into  the  surrounding  rock  and 
then  injecting  grout  under  pressure  a-  described 
in  part  ('  of  appendix  (i.  Permissible  grouting 
pressures  will  depend  on  the  nature  of  the  but- 
pounding  ground  and  on  the  lining  thickness.  For 
small  tunnels.  iuil's  of  grout  hole-  are  -pared  at 
about  20-foot  centers,  depending  on  the  nature 
of  the  rock.     Bach  ring  consists  of  four  grout  holes 

distributed  at   aboul  00°  around  the  periphery, 
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with  alternate  rings  placed  on   vertical  and    : 
axes 

Drainage  holes  an-  often  provided  in  other  than 
pre— ure  tunnels  to  relieve  external  pressures 
caused  b}  seepage  along  the  outside  <>f  the  tunnel 
lining.  The  drainage  hole-  also  are  spaced  ;it 
aboul  20-fool  center-,  nt  intermediate  locatio 
between  the  grout  hole  rings  At  successive 
sections,  one  vertical  hole  is  drilled  near  ili>-  crown 
alternating  with  two  drilled  horizontal  hole-,  one 

in   each   -ide   wall        In    free-lluu    tunnel-,  drains 

hole-  are  provided  onl}  above  the  water  Burfa* 
if  How  through  the  tunnel  i-  conveyed  in  a  sepa- 
rate pipe,  the  horizontal  holes  are  drilled  near  the 
invert . 
Typical  detail-  for  both  pressure  and  free-flow 

tunnels  for  a  small  capacity  outlet  works  are  show  n 

in  figure  256. 

235.    Cut-and-Cover  Conduit  Details.         a        G 

eral.     'The  design  of  a  cut-and-cover  conduit   to 

he  constructed  through  or  under  an  earthlill  em- 
bankmenl  must  include  details  which  will  provide 
for  movement  and  settlement  without  excessive 
cracking  or  leakage.    'To  obtain  a  -ale  structure, 

the  following  factors  must   he  considered: 

I  Provide  devices  to  minimize  seepage 
along  the  contact  of  the  conduit  and  the 
impervious  embankment. 

Provide  details  to  forestall  cracking 
which  mighl  result  in  leakage  of  water  into 
the  fill  surrounding  a  pressure  conduit  and 
to  prevent  piping  of  emhankinent  material 
into  a  free-flow  conduit. 

Select  and  treat  foundation  to  mini- 
mize differential  settlement  which  i-  a  cause 
of  cracking. 

I'    Provide  a  Btructure  to  -afely  carry  the 

load-  to  which  the  conduit  will  he  subjected. 

Selection  of  designs  and  details  to'accomplish  the 

above  purposes  is  discussed  in  this  section. 

b   Cutoff  Collars.     Foundation  preparation  and 

compaction  around  conduits  must  he  equivalent 
to  foundation  preparation  for  the  dam  and  to 
compaction  of  the  impervious  earthfill.  Project- 
ing fins  or  cutoff  collars  are  provided  to  minimize 

seepage  along  the  contact  between  the  outside 
Burface    of    the    conduit    and    the    embankment. 

These  collars  should  he  made  of  reinforced  con- 
crete, generally  from  2  to  :\  feet   high,   12  to   is 

inches  wide,  and  spaced  from  7  to   10  times  their 
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Figure  256.     Typical  tunnel  details. 


height  along  that  portion  of  the  conduit  which 
lies  within  the  impervious  zone  of  the  dam.  The 
length  of  the  percolation  path  along  the  contact 
is  thereby  increased  by  20  to  30  percent. 

For  a  conduit  on  an  earth  foundation,  the  collar 
should  completely  encircle  the  conduit  barrel. 
Where  the  foundation  is  sound  rock,  good  contact 
along  the  base  may  be  expected  and  the  collars 
need  extend  only  to  be  keyed  into  the  rock  foun- 
dation. The  collars  should  be  separated  from  the 
conduit  to  avoid  introducing  concentrated  stresses 
into  the  conduit  walls,  which  would  alter  the 
normal  stress  in  the  barrel.  This  is  accomplished 
by  constructing  the  collars  with  watertight  fillers 
between  the  collars  and  the  barrel.  The  struc- 
tural separation  permits  lateral  slipping  of  the 
collar  on  the  barrel,  eliminates  secondary  stresses 
in  the  conduit  which  would  otherwise  be  caused 
by  the  stiffening  effect  of  the  collars,  and  avoids 
the  introduction  of  torsional  stresses  in  the  con- 


duit if  horizontal  movement  or  displacement  of 
the  embankment  should  occur.  The  joint  filler 
material  can  be  several  la}~ers  of  graphite-coated 
paper  if  only  slight  movement  is  expected,  or 
premolded  bituminous  fillers  where  greater  move- 
ment is  expected. 

Although  cutoff  collars  usually  are  located 
between  joints  in  the  conduit,  there  are  cases 
where  collars  have  been  constructed  to  span  the 
joints.  When  so  located  they  also  serve  as  water- 
tight covers  for  the  joints.  Where  the  collar  is 
not  placed  at  a  conduit  joint  or  where  it  is  placed 
over  a  joint  which  is  restrained  from  movement 
by  key  ways  or  by  reinforcement  extending  across 
it,  the  collar  ordinarily  will  not  be  subjected  to 
large  lateral  loadings.  In  such  cases  it  will  need 
to  be  only  strong  enough  to  resist  the  superim- 
posed fill  load.  When  a  collar  covers  a  joint 
designed  to  permit  differential  movement,  either 
the  collar  must  be  designed  sufficiently  strong  to 
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restrain  such  movement,  or  the  collar  must  adjust 
to  the  movement  without  losing  the  watertight 
contact 

.  Conduit  Joints  Conduits  constructed  on 
rock  <>i'  competent  earth  foundations  maj  be  sub- 
jected  "nl\  to  -mall  settlement  and  longitudinal 
movements  <  'ast-in-place  conduits  on  such  foun- 
dations can  !»■  made  more  or  leas  monolithic  and, 
except  for  movement  caused  bj  initial  setting 
shrinkage  and  l>\  temperature  expansion  and  con- 
i  ration,  should  experience  little  cracking  or  joint 
opening.  In  Buch  a  design,  major  cracking  is 
avoided  by  liberal  use  of  longitudinal  reinforce- 
ment placed  across  construction  joints  l"  form  a 
com  union-  -tincture  During  construction,  the 
adjoining  sections  of  the  barrel  are  not  constructed 
until  after  the  major  volume  change  in  the  first 
placed  Bection  due  to  initial  Betting  shrinkage  lias 
taken  place  Walerstops  of  metal  or  rubber  are 
placed  across  the  joints  to  provide  a  watertight 

seal.      Details   of    this    type   of  joint    construction 

arc  shown  on  figure  257. 

Where  considerable  settlement  and  lateral  or 
longitudinal  adjustment  of  the  foundation  is 
expected,  the  conduit  may  be  constructed  as  an 
articulated  structure.  The  individual  portions  of 
the  structure  must  he  free  to  move  without  causing 

uncontrolled  cracking  which  would  permit  leakage 
through  the  conduit  walls.  For  Buch  designs 
the  reinforcement  is  not  carried  continuously 
iCTOSS  the  joints,  so  that  the  individual  sections 
are  free  to  move  longitudinally.  Wateretops  are 
provided  to  prevent  leakage  through  the  joints. 


Cutoff  col  lor 


Differential  lateral  displacement   of  the  conduit 

Hon-  at  the  joint-  i-  ordinarily  restrained  b 
bell-and-epigot    joint    or   by   a    reinforced   collar 
encirling  a  plain  joint.     Rubber-gasketed  joints 
-m i da i  to  those  shown  on  figure  258  can  In-  adopted 
for  joining  individual  lengths  of  concrete  pip 

These  joints  can   he  u-ed   in  ca-t  -in -place  COnduitS 

h\  embedding  short  sections  of  precast  pipe  which 

contain  the  joint  detail.  Specifications  for  pipe 
and    pipe    joints    indicated    on    figure    258    can    he 

found    in    ASTM    specification      i»    ignation    I 
361 

(dj  Design  /<»/</•>      Embankment  loads  on  con- 
duits may  \ar\  over  a  wide  range  depending  on 

many  factors  relating  to  the  foiindat ion.  method 
of  bedding,  flexibility  or  rigidity  of  the  conduit; 
and  to  the  soil  characteristics  of  the  embankment 

BUCh    a-    angle    of    internal    friction,    unit    weight, 

homogeneity,  consolidation   properties,  cohosh 

ness.  and  moisture  content.  All  possible  com- 
binations of  these  various  factor-  must  he  con- 
sidered to  evaluate  then  01  Brail  effect.  The  loads 
must  he  considered  not  otd\  as  they  may  OCCUT 
during  construction  hut  also  as  th.y  may  he 
altered    after    einhiuikiiieiit    completion,    reservoir 

loading,  and  embankment  saturation. 

The  "Mar-Ion  Theory"  of  cinhaiikinciit  | 
BUres  i-  usually  adopted  for  small  conduit-  under 
relatively  low  fills.  This  theory  is  discussed  in 
many  bulletins  published  by  the  Iowa  State 
College  Experiment  Station  and  i-  abstracted 
in  various  handbooks  [6,  7]  which  contain  biblii 
rapines  of  publications  dealing  with  this  subject. 
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Figure  257.      Typical  conduit  joint  and  cutoff  collar  details. 
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The  area  of  circumferential  steel  in  the  bell  shall 
not  be  less  Ihon  that  provided  for  on  equivalent 
length  of  the  pipe  barrel  plus  on  area  equal  to 
OO5(0  +  2Mwhere  D  is  the internol  itameter  T 
of  the  pipe  and  f  is  the  minimum  shell  thickness  r* 
specifiedforthe  class  and  size  of  pipe.- 


,*«- 


One  or  two  layers 
of  steel  as  required 


Field  cement  mortar 
required  when  joint 
opening  is  greater 
than  -1".-.  -- 


One  circular  coil  parallel 
to  pipe  end  Weld  orlop 
and  tie  end  coil. 


j^E   tMin 


One  circular  coil  parallel 
to  pipe  end.  Weld  or  lap 
and  tie  end  coil 


(A)  CONCRETE   BELL  AND  SPIGOT  JOINT   — 
GASKET  SET  BETWEEN  SHOULDERS 

.One  circular  coil  parallel  to  pipe  end 
•'    Weld  or  lap  ond  tie  end  coil. 
Field  cement  grouts  .  ^*Min 


Inside  face 
One  circular  coil  parallel 
to  pipe  end  Weld  or  lap/ 
and  tie  end  coil: — --' 


•Sized  bell  ring 
Structural  shape'  V 


-Transverse 
reinforcement 


One  circular  coil  parallel  to  pipe  end. 
Weld  or  lap  and  tie  end  coil. 
■Cement  mortor 


(C)STEEL    BELL    ANO   SPIGOT    RINGS   — 
GASKET  SET   IN    GROOVE 


The  area  of  circumferential  steel  m  the  bell 
shall  not  be  less  than  that  providedfor  an 
equivalent  length  of  the  pipe  barrel  plus  an 
area  equal  to  0051 D  + 2 1)  when?  D is  the 
internal  diameter  of  the  pipe  and  tis  the 
minimum  shell  thickness  specified  for  ._- 
the  class  ond  size  of  pipe 


t  Mm 
One  circular  coil 

parallel  to  pipe  end 
Weld  or  lap  ond  t=e 
indcoil 


One  or  two  layers 
of  steel  as  required 


Yard  cement  mortar. 

Reinforcement  2"i  4-*n 
welded  wire  tabic 


Field  cement  morlor 
required  when  joint 
opening  is  greater 
than  J 


2°  Mai 


!  Rubber  gasket 


(B)  CONCRETE   BELL  ANO  SPI60T  JOINT  - 
BASKET  SET   IN  GROOVE 


rJ-'Min     'Rubber  gaskets 
""\"  2--.*-*"  steel  bond 


.-J  Mm 


Field  cement  grout 
Yard  cement  mortar 
Reinforcement  2"i4' 
welded  wire  fabric 


TGement  mortor  for  pipe  2*"and  larger    | 
j  Cement  mortar  for  pipe  2i"and  smaller,' 


One  circulor  coil  parallel 
to  pipe  end  Weld  or  lap 
and  tie  end  coil 


(D)CONCRETE    JOINT  WITH    MO  RTAR  -  ENCASEO 
BAND  —   GASKETS    SET    IN   GROOVE 


The  orea  of  circumferential  steel  m  the  collar  shall 
not  be  less  than  that  provided  for  on  equivalent 
length  of  the  pipe  barrel  plus  an  oreo  equal  to 
0HD  +  2t)  where  D  is  the  internal  diometer  of 
the  pipe  ond  r  is  the  minimum  shell  thickness 
specified  for  the  class  and  size  of  pipe?.         .--' 


,TOne  circular  coil  parallel  to  pipe 
end.  Weld  or  lap  ond  he  end  coil. 


Reinforcement 
■2'Moi 


One  circular  coil  parallel  to 
pipe  end  Weld  or  lop  ond 
tie  and  colt. -•"' 


*'  -tMir 


■  Field  cement  mortar  required 
when  joint  opening  isgreater 
thon  X 


(E)  CONCRETE   JOINT  WITH   SEPARATE  CONCRETE 
COLLAR  —  GASKET  SET  IN   GROOVES 

Figure  258.     Precast  concrete  pipe  joint  details. 


On  the  basis  of  the  Marston  theory,  the  vertical 
load  on  a  conduit  is  considered  to  be  a  combination 
of  the  weight  of  the  fill  directly  above  the  conduit 
and  the  frictional  forces  acting  either  upward  or 
downward  due  to  the  adjacent  fill.  A  settlement 
of  adjacent  fill  greater  than  the  overlying  fill 
induces  frictional  forces  acting  downward  which 
increase  the  resultant  load  on  the  conduit;  a 
greater  settlement  immediately  above  the  conduit 
will  result  in  an  arching  condition  which  reduces 
the  load  on  the  conduit.  Thus  a  conduit 
laid  in  trench  excavated  in  a  compact  natural  soil 
will  practically  never  receive  the  full  weight  of  the 
backfill  above  it,  because  of  the  development  of 
arching  action  when  the  backfill  starts  to  settle. 
On  the  other  hand,  if  the  conduit  is  placed  so 


that  it  projects  in  whole  or  in  part  above  the 
natural  ground  surface,  the  embankment  load 
which  may  come  upon  it  can  in  some  cases  be  as 
much  as  50  percent  greater  than  the  weight  of  the 
fill  directly  above  it.  The  designs  of  precast 
concrete  pressure  pipe  discussed  in  appendix  G 
are  based  on  loads  as  derived  by  the  Marston 
theory. 

For  cast-in-place  conduits  under  relatively 
high  fills,  where  the  conduit  is  placed  in  cut  so 
that  neither  a  full  trench  nor  a  complete  projecting 
condition  exists,  a  loading  assumption  which 
averages  the  extremes  noted  above  is  assumed. 
For  this  case  the  load  on  the  conduit  is  assumed 
to  be  the  weight  of  the  column  of  fill  directly 
above  it.   The  load  over  that  portion  of  a  conduit 
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under  the  upstream  part  <>f  the  dam  include! 
(m.iIi  the  weight  of  the  saturated  till  and  (In1  weight 
of  the  reservoir  water  above  the  till.  The  conduit 
barrel  is  designed  on  the  basis  of  ■  given  factor  of 
safety,  considering  that  the  unit  horizontal  lateral 
load  on  the  conduit  is  one-third  of  the  unit  vertical 
loud.  The  design  is  then  checked  on  the  basis  of 
a  reduced  factor  of  safet}  considering  no  hori- 
■ontal  lateral  lend  exists.  The  vertical  reaction 
of  the  I'll-'1  <>f  the  conduit  is  taken  equal  i<>  the 
vertical  load  plus  tin'  weight  «>f  tin'  conduit.  On 
mi  earth  foundation,  the  base  reaction  1-  assumed 
in  be  distributed  uniform!}  across  the  width  of 
the  conduit;  <>n  a  rock  foundation  it  is  alumni 
to  be  distributed  triangularly,  varying  from  twice 
the  average  unit  reaction  at  tin1  outside  edges  i" 
iero  at  thr  center  of  the  base.  External  hydro- 
static pressures  are  assumed  to  act  equally  in  all 
directions,    vertically    downward    as   an    increased 


load,   upward  as  uplift,  and  laterally  on  the  -ides 
of  the  conduit 

Procedures  f<>r  designu  box  cuh 

and   circular  conduit  omprehensivelj    dis- 

ci m  "Concrete  Culverts  and  Conduits 
Data   for  selecting  a  cast-in-place  conduit    d< 
based  on  design  procedures  using  I  formeter 

coefficients  [9]  are  included  in  appendix  ( 
data  list  required  conduit  thickness  and  reinf< 
tnent    requirements  for   various   till   heights  and 
hydrostatic  loading  conditions.    Also  included  in 
appendix  ( '  are  data  for  selecting  precast 
pipe  for  use  as  conduits  under  limited  till  ! 

236.    Details  of    Typical    Structures. 

through  'Jfpii  show  arrangements  for  outlet  works  in- 
takes, shafts,  and  stilling  basins  constructed  at  var- 
ious  small  Bureau  of  Reclamation  dams.    Th< 
presented  as  examples  which  can  be  used  as  guides 
in  the  design  of  similar  structui  • 
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Figure  259.     Typical  intake  tower  arrangement. 
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Figure  261.     Typical  trashracked  box  intake. 
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Figure  263. — Typical  intake  with  sloping  entrance. 
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Figurt  264.      Typical  thaft  for  slide  gate  control. 
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Figure  265.     Dry  well  shaft  for  safe-valve  control  installation. 
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Figure  266.      Typical  hydraulic  jump  stilling  basin 


«    Chapter  X 


Diversion  During  Construction 


E.  R.  LEWANDOWSKI 


A.     DIVERSION  REQUIREMENTS 


238.  General.—  The  design  for  ii  (liun  which  is 
to  be  constructed  across  |  stream  channel  niu-t 
lOnsider  diversion  of  the  st  rcatntlow  BJOUnd  or 
through  the  dam  site  during  tlie  construction 
period.  The  extent  of  the  diversion  problem  will 
var\  with  the  size  and  flood  potential  of  the 
stream;  at  some  dam  sites  diversion  may  be  OOBtly 
and  time-consuming  and  may  affect  the  scheduling 
of  construction  activities,  while  at  other  site-  ii 
may  not  offer  any  greal  difficulties.  However,  a 
diversion  problem  exists  to  some  extent  at  all  -ite- 
except  those  located  oH'stream.  and  the  -election 
of  the  most  appropriate  scheme  for  handling  the 
How  of  the  stream  during  construction  is  impor- 
tant to  Secure  economy  in  the  cost  of  the  dam. 
The    scheme    -elected    ordinarily    will    represent    a 

compromise  between  the  cost  of  the  diversion 
facilities  and  the  amount  of  risk  involved.  The 
proper  diversion  plan  will  minimize  serious  poten- 
tial flood  damage  to  the  work  in  progress  at  a  mini- 
mum of  expense.  The  following  factors  should  be 
considered  in  a  study  to  determine  the  best 
diversion  scheme: 

(1)  Characteristics  of  streamflow. 

(2)  Size  and  frequency  of  diversion  flood 

(3)  Methods  of  diversion. 

(4)  Specifications  requirements 

239.  Characteristics  of  Streamflow.  Streamflow 
records  provide  the  most  reliable  information 
regarding  streamflow  characteristics,  and  should 
he  consulted  whenever  available. 

Depending  upon  the  size  of  the  drainage  area 
and  its  geographical  location,  floods  on  a  -tream 
may  be  the  result   of  snowmelt.  seasonal  rain-,  or 

cloudbursts.     Because  each  of  these  types  of  runoff 

have  their  peak  flows  and  their  periods  of  low  flow 

1  Engineer,  Earth  Dams  Section,  Hur.au  of  Reclamv 


at  different  tunes  of  the  year,  the  nature  of  runoff 

will  influence  the  selection  of  the  diversion  scheme 
A  -ite  subject  onlj   t<>  snowmelt  flood-  will  not 

have   to   he   provided    with   elaborate   inea-ure-   for 

use  later  in  the  construction  -en-on       A  -ite  where 

:ud    rains    may    occur    will    require    only    the 

minimum  of  diversion  provisions  for  the  rest  of  the 
year.     A   stream   subject    t<»   cloudbursts   which 

may  occur  at   any  tune  i<  the  most   unpredictable 

and    probably   will    require   the   most    elaborate 

diversion  scheme,  since  the  contractor  must   be 

prepared    to   handle  both  the  low   flows  and    flood- 
BOWS  at   all   time-  durum  the  construction   period 
24C.   Selection  of  Diversion  Flood.      Usually,    it    i< 
not    economically    feasible    to    plan    on    diverting 

the  largest  flood  that  has  ever  occurred  or  may  be 
expected  to  occur  at  the  -ite.  and  consequently 
some  lesser  requirement  must   be  decided  upon. 

This,  therefore,  brings  up  the  question  a-  to  how- 
much  risk  is  involved  in  the  diver-ion  scheme 
under  consideration  In  the  case  of  an  earthfill 
dam.  where  considerable  areas  of  foundation  and 
structure  excavation  are  exposed,  or  where  over- 
topping of  the  embankment  while  under  construc- 
tion may  result  in  serious  damage  <>r  loss  of  the 
partially    completed    work,    the    importano 

eliminating  the  risk  of  flooding  i-  relatively  great. 

This  consideration  is  not  as  important  in  the 
of  a   concrete  dam   since   the   floodwater-   in.t 
the    location    of   appurtenant    structure-    permits 
overtop  the  dam  with  little  or  no  adverse  effect 

In  -electing  the  flood  to  be  u-ed  in  the  diver-ion 
:is.    consideration    should     be    given     to    the 

following: 

How     long     the     work     will     be     Under 
•  nstruction.    to    determine    the    number    of 
11,,.  >ns  which  w  ill  be  encountered 
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(2)  The  cost  of  possible  damage  to  work 
completed  or  still  under  construction  if  it  is 
flooded. 

(3)  The  cost  of  delay  to  completion  of  the 
work,  including  the  cost  of  forcing  the 
contractor's  equipment  to  remain  idle  while 
the  flood  damage  is  being  repaired. 

(4)  The  safety  of  workmen  and  possibly 
the  safety  of  downstream  inhabitants  in 
case  the  failure  of  diversion  works  results  in 
unnatural  flooding. 

After  an  analysis  of  these  factors  is  made,  the 
cost  of  increasing  the  protective  works  to  handle 
progressively  larger  floods  can  be  compared  to  the 
cost  of  damages  resulting  if  such  floods  occurred 
without  the  increased  protective  work.  Judgment 
can  then  be  used  in  determining  the  amount  of 
risk  that  is  warranted. 


For  small  dams  which  will  be  constructed  in  a 
single  season,  only  the  floods  which  may  occur 
during  that  season  need  be  considered.  For  most 
small  dams,  involving  at  the  most  two  construction 
seasons,  it  should  be  sufficiently  conservative  to 
provide  for  the  largest  flood  likely  to  occur  in  a 
5-year  period.  However,  to  minimize  the  risk, 
the  diversion  capacity  might  be  increased  to 
handle  the  10-year  or  larger  flood  if  it  can  be  done 
at  little  additional  cost.  The  methods  for  de- 
termining floods  of  5-year,  10-year  or  less  fre- 
quency are  discussed  in  section  42. 

It  should  be  considered  that  floods  may  be 
recurrent;  therefore,  if  the  diversion  scheme 
involves  temporary  storage  of  cloudburst-type 
runoff,  facilities  must  be  provided  to  evacuate  such 
storage  within  a  reasonable  period  of  time,  usually 
a  few  days. 


B.    METHODS  OF  DIVERSION 


241.  General. — The  method  or  scheme  of  di- 
verting floods  during  construction  depends  on  the 
magnitude  of  the  flood  to  be  diverted ;  the  physical 
characteristics  of  the  site;  the  type  of  dam  to  be 
constructed;  the  nature  of  the  appurtenant  works, 
such  as  the  spillway,  penstocks,  or  outlet  works; 
and  the  probable  sequence  of  construction  opera- 
tions. The  objective  is  to  select  the  optimum 
scheme  considering  practicability,  cost,  and  the 
risks  involved.  The  diversion  works  should  be 
such  that  they  may  be  incorporated  into  the 
overall  construction  program  with  a  minimum  of 
loss,  damage,  or  delay. 

Common  practice  for  diverting  streams  during 
construction  utilizes  one  or  a  combination  of  the 
following  provisions:  Tunnels  driven  through  the 
abutments,  conduits  through  or  under  the  dam, 
temporary  channels  through  the  dam,  or  multiple- 
stage  diversion  over  the  tops  of  alternate 
construction  blocks  of  a  concrete  dam.  Outlet 
works  conduits  or  tunnels  frequently  are  made 
sufficiently  large  to  carry  the  diversion  flow.  On  a 
small  stream  the  flow  may  be  bypassed  by  the  in- 
stallation of  a  temporary  wood  or  metal  flume  or 
pipeline,  or  the  flow  may  be  impounded  behind  the 
dam  during  its  construction,  pumps  being  used  if 
necessary  to  control  the  water  surface.  Figures 
267  and  268  show  flumes  used  to  divert  the  stream- 


flow  during  the  construction  of  an  earthfill  dam 
and  a  concrete  dam,  respectively.  In  any  case, 
barriers  are  constructed  across  or  along  the  stream 
channel  in  order  that  the  site,  or  portions  thereof, 
may  be  unwatered  and  construction  can  proceed 
without  interruption. 

A  common  problem  is  the  meeting  of  down- 
stream requirements  when  the  entire  flow  of  the 
stream  is  stopped  during  closure  of  the  diversion 
works.  Downstream  requirements  may  demand 
that  a  small  flow  be  maintained  at  all  times,  in 
which  case  the  contractor  must  provide  the  re- 
quired flow  by  pumping  or  by  other  means  (by- 
passes or  siphons)  until  water  is  stored  in  the 
reservoir  to  a  sufficient  level  so  that  it  may  be 
released  by  gravity  flow  through  the  outlet  works. 

Figure  269  shows  how  diversion  of  the  river  was 
accomplished  during  the  construction  of  Folsom 
Dam  and  Powerplant  on  the  American  River  in 
California.  Although  this  structure  is  consider- 
ably larger  than  the  dams  discussed  in  this  text, 
this  photograph  is  included  because  it  illustrates 
many  of  the  diversion  principles  discussed  in  this 
chapter.  The  river,  flowing  from  top  to  bottom 
in  the  picture,  is  being  diverted  through  a  tunnel; 
"a"  and  "b"  mark  the  inlet  and  outlet  portals, 
respectively.  Construction  is  proceeding  in  the 
original  river  channel  between  earthfill  cofferdams 
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Figure  267.      Temporary  diversion  flume  through  on  carthfill  dam  lite.      (Willow  Creek  Dam,  CBT  545-704-3587.) 


"<■"  and  "<l."  Discbarge  from  pipe  "e"  at  the 
lower  left  in  the  photograph  is  from  unwatering 
of  the  foundation.  Since  it  was  impracticable  to 
provide  Bufficienl  diversion  tunnel  capacity  to 
handle  tlie  large  anticipated  Bpring  floods,  the 
contractor  made  provision-;  to  minimize  damage 
tliat  would  result  from  overtopping  of  the  coffer- 
dam.    These  provisions  included  the  following: 

(I)    Placing  concrete  in  alternate  low  blocks  in 

the  dam  "f"  to  permit  overflowing  with  a  minimum 
of  damag 

Construction  of  an   auxiliary   rocklill   and 

cellular  steel  sheet-piling  cofferdam  "g"  to  protect 

the  powerplant  excavation  "h"  from  being  flooded 
by  overtopping  of  the  cofferdam;  and 

Early  construction  of  the  permanent  train- 
ing wall  "i"  to  take  advantage  of  the  protection 
it  affords 


242.  Tunnth.  It  is  usually  not  feasible  to  d<>  h 
significant  amount  of  foundation  work  in  a  narrow 
canyon  until  the  Btream  is  diverted.  In  this 
situation  a  tunnel  may  prove  the  most  feasible 
means  for  diversion,  either  for  a  concrete  dam  or 
for  an  carthfill  dam  The  Btreamflow  is  bypi 
around   the  construction   area   through   tunnel-   m 

one  or  both  abutments.     If  tunnel  spillways  or 

tunnel  outlet  works  are  provided  in  the  design,  it 
usually  proves  economical  to  utilize  them  in  the 
diversion  plan  If  the  upstream  portion  of  the 
permanent  tunnel  i-  above  the  -treand'ed  eleva- 
tion, a  temporary  upstream  diversion  adit  can  be 
provided  to  effect  a  <t ream  level  bypass  Figure 
270  shows  such  an  adit  winch  was  constructed 
at  Seminoe  Dam  to  permit  diversion  through  the 
spillway  tunnel  The  diversion  adit  leads  from  the 
Btreambed    to  the  intersection  of   the   horizontal 
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portion  of  the  spillway  tunnel  and  the  inclined 
shaft  leading  from  the  spillway  gate  structure. 
First  stages  of  construction  of  the  spillway  gate 
structure  can  be  seen  in  the  upper  right-hand 
portion  of  the  photograph. 

The  advisability  of  lining  the  diversion  tunnel 
will  be  influenced  by  the  cost  of  a  lined  tunnel 
compared  with  that  of  a  larger  unlined  tunnel  of 
equal  carrying  capacity;  the  nature  of  the  rock  in 
the  tunnel,  as  to  whether  it  can  stand  unsupported 
and  unprotected  during  the  passage  of  the  diver- 
sion flows;  and  the  permeability  of  the  material 
through  which  the  tunnel  is  carried,  as  it  will 
affect  the  amount  of  leakage  through  or  around 
the  abutment. 

Some  means  of  shutting  off  diversion  flows  must 
be  provided ;  in  addition,  some  means  of  regulating 
the  flow  through  the  diversion  tunnel  may  be 
necessary.  Closure  devices  may  consist  of  a 
timber,  concrete,  or  steel  bulkhead  gate;  a  slide 


gate;  or  stoplogs.  Regulation  of  flow  to  satisfy 
downstream  needs  after  storage  of  water  in  the 
reservoir  has  been  started  can  be  accomplished  by 
the  use  of  a  slide  gate,  wheel-type  regulating  gate, 
or  temporary  bypass  until  the  water  surface  in 
the  reservoir  reaches  the  level  of  the  outlet  works 
intake.  Figure  271  shows  temporary  closure  of 
the  upstream  portal  of  a  diversion  tunnel  by 
means  of  a  wooden  bulkhead.  The  pipes  in  the 
bulkhead  were  provided  to  pass  flows  to  meet 
downstream  requirements  until  the  reservoir  level 
rose  to  the  lip  of  the  outlet  works  intake,  when 
the  pipes  were  closed  by  the  flap  gates  shown. 
The  pipes  extended  through  the  diversion  tunnel 
plug  and  ultimately  they  were  grouted  to  com- 
plete the  closure. 

Permanent  closure  of  the  diversion  tunnel  is 
made  by  placing  a  concrete  plug  in  the  tunnel. 
Where  a  temporary  diversion  adit  joins  a  perma- 
nent tunnel,  the  plug  is  usually  placed  immedi- 


Figure  268.     Temporary  diversion  flume  used  during  construction  of  a  concrete  dam.     (Horsctooth  Feeder  Canal  Tunnel  No.  1, 

CBT  245-704-330.) 
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ately  upstream  from  the  intersection  ns  shown  on 
figure  272.  Keyways  may  be  excavated  into  the 
rock  or  formed  into  the  lining  to  insure  adequate 
shear  resistance  between  the  plug  and  the  rock  or 

lining.      After   the   plug   has   been    placed   and    the 

concrete  cooled,  grout  is  forced  through  previously 

installed   grout    connections   into   the   contact    hc- 

tween  the  plug  and  the  surrounding  rock  or 
concrete  lining  to  insure  a  watertight  joint. 
Sample  specifications  for  this  grouting  are  con- 
tained in  appendix  ( > 

243.  Conduits.  The  outlet  works  for  an  earth- 
fill  dam  often  entails  the  const  ruction  of  a  conduit 
which  may  he  utilized  for  diversion  during  con- 
struction of  the  dam.  This  method  for  handling 
the  diversion  flows  is  an  economical  one,  especially 
if  the  size  of  the  conduit  required  for  the  outlet 
works  is  adequate  to  carry  the  diversion  flows. 
Where  diversion  requirements  exceed  the  capacity 

of  the  completed  outlet  works,  an  increase  in  capac- 
ity can  he  obtained  by  delaying  the  installation 
of  gates,    valves,    pipe,   and    trashracks   until    the 


need  for  diversion   is  over.     Increased  capacity 

also  can  he  obtained  by  increasing  the  height  of 
the   cofferdam,    thereby   increasing   the   head.      In 

some  instances  the  storage  capacity  of  the  reser- 
voir at  lower  elevations  may  he  such  that  much 
of  the  diversion  design  Hood  maj  he  temporarily 

retained  and  then  evacuated  through  a  diversion 
conduit  of  smaller  capacity  than  would  he  required 
to  discharge  the  peak  of  the  flood. 

In  cases  where   the  intake   to   the  outlet    works 

conduit  is  above  the  level  of  the  streambed,  an 
auxiliary   stream-level  conduit   maj    he  provided 

to  join  the  lower  portion  of  the  permanent  conduit. 
Such  an  auxiliary  conduit   is  shown  in  figure  273. 

Permanent  closure  of  this  auxiliary  conduit  after 
diversion  is  completed  can  he  accomplished  in  the 

same  manner  as  that  outlined  in  section  242.  A 
concrete  plug  in  an  auxiliary  diversion  conduit  is 
shown  in  figure  274. 

Diversion  conduits  at  stream  level  are  some- 
times provided  through  a  concrete  dam.  These 
openings  are  provided  with  keyways,  metal  >eals, 


Figurt  269.     Diversion  of  the  river  during  construction  ol  Foliom  Dam  and  Powerplanf  (Corps  of  Engineers  and  Bureau  of 

Reclamation).     (AR-1627-CV) 
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Figure  270.     Diversion  adit  and  upstream  cofferdam  at  Seminoe  Dam.     (891,  Kcndrick.) 


and  grouting  systems  and  must  be  permanently 
closed  throughout  their  entire  length  in  the 
manner  prescribed  for  placing  tunnel  plugs. 

244.  Temporary  Diversion  Channel — Earthfill 
Dams. — At  sites  where  it  may  not  be  eco- 
nomical to  provide  a  tunnel  or  conduit 
large  enough  to  pass  the  diversion  design 
flood,  a  temporary  channel  involving  a  gap 
through  the  earthfill  dam  may  be  utilized  to 
divert  streamflows  while  the  remainder  of 
the  embankment  is  being  constructed,  as  shown 
in  figure  275.  Though  the  dam  shown  is  larger 
than  the  size  of  structures  considered  in  this 
text,  the  methods  and  requirements  for  diver- 
sion through  a  temporary  gap  in  the  dam 
are  the  same.  This  method  is  adaptable  to  wide 
sites;  obviously  it  cannot  be  used  in  narrow 
canyons.  However,  it  is  in  the  wider  valleys 
where  the  diversion  flows  are  likely  to  be  too  large 
to  be  economically  carried  in  tunnels  or  conduits. 

Before  the  stream  is  diverted,  the  foundation 
preparation  required  for  the  dam  should  be  com- 


pleted in  the  area  where  the  temporary  opening 
will  be  left  through  the  embankment.  This 
preparation  would  include  excavation  and  refilling 
of  a  cutoff  trench,  if  one  is  to  be  constructed. 
The  stream  is  then  channeled  through  this  area, 
after  which  the  foundation  work  in  the  remainder 
of  the  streambed  is  completed.  The  portion  of 
the  embankment  to  either  side  of  the  diversion 
opening  may  then  be  completed.  The  side  slopes 
of  the  opening  should  not  be  steeper  than  4  to  1 
to  facilitate  filling  of  the  gap  at  the  end  of  the 
construction  period  and  to  decrease  the  danger 
of  cracking  of  the  embankment  due  to  differential 
settlement.  The  flat  slope  also  provides  a  good 
bonding  surface  between  the  previously  con- 
structed embankment  and  the  material  to  be 
placed. 

The  bottom  grade  of  the  temporary  channel 
through  the  embankment  should  be  the  same  as 
the  original  streambed  so  that  erosion  in  the 
channel  will  be  minimized.  The  width  of  opening 
will  depend  on  the  magnitude  of  the  diversion 
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Figurt  271.     Bulkhead  cloture  of  diversion  tunnel  with  pipes  to  pass  flows  for  downstream  requirements.     (Granby  Dam, 

400-GL-216.) 


design  flood  and  on  considerations  of  the  equip- 
ment capabilities  for  filling  the  gap  in  t ho  time 
which  will  be  available. 

The  diversion  is  carried  through  the  opening 
in  the  dam  until  sufficient  progress  is  made  in  the 
completion  of  the  embankment  and  appurtenant 
Works  so  that  floods  can  be  carried  safely  through 
the  completed  or  partially  completed  spillway. 
Closure  of  the  gap  in  the  embankment  can  then 
be  made.  To  reduce  the  risk  of  the  rising  water 
surface  in  the  reservoir  overtopping  the  embank- 
ment being  placed  in  the  closure  section,  a  period 
should  be  selected  during  the  construction  season 
when  large  floods  are  least  likely  to  occur.  Con- 
struction equipment  should  be  mobilized  so  that 
the  gap  can  he  filled  as  quickly  as  possible  to  an 
elevation  which  will  permit  discharge  of  a  flood, 
should    one    occur,    through    the    spillway        The 


average    rate    of    embankment     placement     must 

he  such  that  the  gap  can  he  filled  faster  than  the 
water  rises  in  the  reservoir.  The  capability  of  the 
contractor's  plant  to  meet  this  requirement  may 
be  gaged  by  considering  the  average  rate  of  em- 
bankment placing  he  will  have  to  attain  in  order 
to  complete  the  entire  dam  within  the  contract 
period,  taking  into  account  the  number  of  days 
during  the  contract  period  that  the  weather  will 
likely  be  suitable  for  embankment  construction. 

Care  must  be  exercised  during  the  filling  of  the 
gap  so  that  the  quality  of  work  is  not  sacrificed 
due  to  the  exigency  of  the  situation.  This  i-  of 
great  importance  because  frequently  the  diversion 
gap  is  in  the  area  where  the  dam  will  be  of  maxi- 
mum height.  Extreme  care  must  be  used  in  order 
to   obtain    required    densities   and    thus   avoid    ex- 

mvc  settlement  of  the  completed  embankment. 
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Figure  272.     Concrete  plug  in  diversion  adit.      From  drawing  No.  339-D-199. 
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Figure  273.     Diversion  through  auxiliary  stream-level  conduit.     Construction  is  in  progress  on  outlet  works  intake.     (Heart  Butte 

Dam,  DR-P-319.) 


Special  attention  musl  also  be  given  to  bonding  of 
the  newly  placed  material  with  the  earthfill  pre- 
viously placed. 

245.  Multiple-Stage  Diversion  for  Concrete  Dams. 
The  multiple-etage  method  of  diversion  over  the 
tops  of  alternate  low  construction  blocks  or 
through  diversion  conduits  in  a  concrete  dam 
requires  shifting  of  the  cofferdam  from  one  side  of 
the  river  to  the  other  during  construction.  During 
the  fii-t  stage,  the  How  is  restricted  to  one  portion 

of  the  stream  channel  while  the  dam  i-  constructed 
to  ii  safe  elevation  in  the  remainder  of  the  channel. 
In  the  second  Btage,  the  cofferdam  is  shifted  and 
the  stream  is  carried  over  low  Mocks  or  through 
diversion  conduits  in  the  constructed  section  of 
the  (hmi  while  work  proceeds  on  the  unconstructed 


portion  of  the  dam.  The  dam  is  then  carried  to 
its  ultimate  height,  with  diversion  ultimately  being 
made  through  the  spillway,  penstock,  or  perma- 
nent outlets.  Figure  276  shows  diversion  through 
a  conduit  in  a  concrete  dam.  with  excess  flow  over 
the  low  blocks. 

246.  Cofferdams.  A  cofferdam  i>  a  temporary 
dam  or  harrier  used  to  divert  the  stream  or  to  en- 
close an  ana  during  construction.  The  design  of 
an  adequate  cofferdam  involves  the  problem  of 
construction  economics.  Where  the  construction 
is    timed    BO    that    the    foundation     work    can     be 

executed  during  the  low  water  season,  use  of  coffer- 
dams can  he  held  to  a  minimum  Where  the 
Btreamflow  characteristics  are  such  that  this  is  not 
practicable,  the  cofferdam  musl    !><■  bo  designed 
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Figure  274.     Detail  of  a  concrete  plug  in  an  auxiliary  diversion 
conduit.     From  drawing  526— D-146. 

that  it  is  not  only  safe,  but  also  of  the  optimum 
height.  The  height  to  which  a  cofferdam  should 
be  constructed  may  involve  an  economic  study  of 
cofferdam  height  versus  diversion  works  capacity, 


including  routing  studies  of  the  diversion  design 
flood,  especially  when  the  outlet  works  require- 
ments are  small.  If  outlet  works  requirements 
dictate  a  relatively  large  outlet  conduit  or  tunnel, 
diversion  flows  ordinarily  may  be  accommodated 
without  a  high  cofferdam.  It  should  be  remem- 
bered that  floodwater  accumulated  behind  the 
cofferdam  must  be  evacuated  in  time  to  accommo- 
date a  recurrent  storm.  The  maximum  height  to 
which  it  is  feasible  to  construct  the  cofferdam 
without  encroaching  upon  the  area  to  be  occupied 
by  the  dam  must  also  be  considered.  Further- 
more, the  design  of  the  cofferdam  must  take  into 
consideration  the  effect  that  excavation  and  un- 
watering  of  the  foundation  of  the  dam  will  have 
on  its  stability,  and  must  anticipate  removal, 
salvage,  and  other  factors. 

Generally,   cofferdams  are   constructed  of  ma- 
terials   available    at    the    site.     The    two    types 


Figure  275.     Temporary  diversion  channel  through  an  earthfill  dam.     (Bonny  Dam,  414-289C.) 
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Figur*  276.      Flowi  through  diversion  opening  and  over  low  blocks  of  a  concrete  dam.     (Olympus  Dam,  EPA-PS-330-CBT.) 


normally  used  in  the  construction  of  dams  arc 
earthfill  cofferdams  and  rockfil]  cofferdams,  the 
design  considerations  of  which  closely  follow  those 
for  permanent    small   dams   of   the   same    type, 

Figure  270  shows  the  construction  of  an  earth  and 
rockfil]  cofferdam.  Other  types  not  as  common 
include   timber  or  concrete  cribs   filled    with   earth 

or  rock,  and  cellular  steel  cofferdams  filled  with 
earth  or  rock.  Figure  277  shows  a  combination 
of  several  types  In  this  case,  the  major  portion 
of  the  cofferdam  consists  of  an  earth  and  rock 
embankment,  and  steel  sheet  piling  was  used  to 
iffecl  final  closure  in  swift  water.  Figure  269 
shows    the    use   of   both    earthfill    cofferdams   and 


cofferdams  formed  of  Bteel-piling  cells.  Cellular 
steel  cofferdams  and  steel  sheet  piling  are  adapt- 
able to  confined  areas  where  currents  arc  swift. 

If  the  cofferdam  can  be  designed  so  that  it  is 
permanent  and  adds  to  the  structural  stability  of 
the  dam,  it  will  have  a  decided  economic  advan- 
tage. In  some  earthfill  dams  the  cofferdam  can 
be  incorporated  into  the  main  embankment.  In 
such  instances,  the  saving  is  twofold      the  amount 

saved  by  reducing  the  amount  of  embankment 

material  required,  and  the  amount  saved  by  not 
having  to  remove  the  cofferdam  when  no  longer 

needed. 


C.    SPECIFICATIONS  REQUIREMENTS 


247.    Contracfor's  Responsibilities. — It  is    general 

practice    to    require    the    contractor    to    assume 

responsibility    for    the    diversion    of    the    stream 
luring  the  construction  of  the  dam  and  appurte- 
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nant    structures.      The   requirement!    should    he 

defined  by  appropriate  paragraphs  in  the  speci- 
fications which  describe  the  contractor's  responsi- 
bilities and  inform  him  as  to  what    provisions,  if 
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Figure  277.      Upstream  cofferdam  of  steel  sheet  piling  and  earthfill  diverting  streamflow  into  tunnel. 

GM-283-CBT.) 


(Green  Mountain  Dam, 


any,  have  been  incorporated  in  the  design  to 
facilitate  construction.  Usually  the  specifications 
should  not  prescribe  the  capacity  of  the  diversion 
works,  nor  the  details  of  the  diversion  method  to 
be  used,  but  hydrographs  prepared  from  stream- 
flow  records,  if  available,  should  be  included. 
Also,  the  specifications  usually  require  that  the 
contractor's  diversion  plan  be  subject  to  the 
owner's  approval. 

In  some  cases,  such  as  in  constructing  a  concrete 
gravity  dam  in  a  wide  canyon,  the  entire  diversion 
scheme  might  be  left  in  the  contractor's  hands, 
with  the  expectation  that  the  flexibility  afforded 
to  the  contractor's  operations  by  allowing  him  to 
choose  the  scheme  of  diversion  will  be  reflected 
in  low  bids.  Since  various  contractors  will  usually 
present  different  schemes,  the  schedule  of  bids 
in  such  instances  should  require  diversion  of  the 
river  to  be  included  as  a  lump-sum  bid.  Some- 
times a  few  pertinent  paragraphs  are  appropriate 


in  the  specifications  giving  stipulations  which 
affect  the  contractor's  construction  procedures. 
For  example,  for  an  earthfill  dam  where  diversion 
by  means  of  a  temporary  channel  is  feasible  or 
contemplated,  the  specifications  may  permit  the 
contractor  to  divert  the  stream  over  the  embank- 
ment placed  in  the  completed  cutoff  trench,  but 
usually  would  prohibit  him  from  making  final 
closure  of  the  diversion  works  until  the  dam  has 
been  constructed  to  an  elevation  well  above  the 
spillway  crest.  Also,  the  contractor  may  be 
required  to  have  the  concrete  in  the  spillway 
and  outlet  works  essentially  completed  prior  to 
closure  of  the  temporary  channel. 

These,  or  similar  restrictions,  tend  to  guide  the 
contractor  toward  a  safe  diversion  plan.  How- 
ever, to  further  define  the  contractor's  responsi- 
bility, other  statements  should  be  made  to  the 
effect  that  the  contractor  shall  be  responsible 
for  and  shall  repair  at  his  expense  any  damage 
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to  the  foundation,  structures,  or  any  other  pari 

of  the  work   caused   hv   Hood,   water,  or  failure  of 

anv  part  of  the  diversion  or  protective  works. 
The  contractor  should  also  be  cautioned  con- 
cerning the  use  of  the  hydrographa  bj  a  statement 
to  the  effect  thai  the  contracting  authority  docs 
not  guarantee  the  reliability  or  accuracj  of  any 
of  the  hydrographa  and  assumes  no  responsibility 
for  any  deductions,  conclusions,  or  interpretations 

thai  nia\    he  made  from  them. 

Sample  specifications  regarding  diversion  during 

Construction  arc  included  in  appendix  (i. 

248.    Designer's  Responsibilities.      For  difficult  di- 

tersion  situations,    ii  may  prove  economical   for 

die  owner  to  assume  the  responsibility  for  the 
diversion  plan.  One  reason  for  this  is  that  con- 
tractors tend  to  increase  hid  prices  for  diversion 
of  the  Btream  if  the  specifications  contain  many 
restrictions  and  there  i^  a  large  amount  of  risk 
involved.     Where  a  dam  is  to  he  constructed  in  a 


narrow  gorge,   a  definite  scheme  of  cofferdams 

and    tunnels    might    lie    specified,    snice    here    the 

loss  of  life  and  property  damage  mighl  he  heavy 
if  a  cofferdam  built  at  the  contractor's  risk  were 

to  fail 

Another   point    to  consider  is   thai    many   times 

the  orderly  sequence  of  constructing  various  stages 

of  the  entire  project  depends  on  a  particular 
diversion  scheme  being  used.  If  the  responsibility 
for  diversion  rests  on  the  contractor,  he  may 
pursue  a  different  diversion  scheme,  with  possible 

delay    to   completion   of   the   entire   project.      This 

could  result  in  a  delay  in  delivery  of  irrigation 
water  or  in  generation  of  power,  or  both,  with  a 
subsequent  loss  in  revenue 

If   the   owner   assumes   responsibility   for   the 

diversion  scheme,  it  is  important  that  the  (Inci- 
sion scheme  he  realistic  in  all  respects,  and  Com- 
patible with  the  probable  ability  and  capacity  of 
the  contractor's  construction   plant . 
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Maintenance  and  Operation 


H.  G.   ARTHUR 


A.    GENERAL 


250.  Inspections  and  Schedule  of  Observations. 
Arrangements  should  be  made,  immediately  fol- 
lowing the  completion  of  a  dam,  for  periodic 
inspection  of  the  structure  and  all  of  the  operating 
equipment  Adequate  measures  to  accomplish 
tins  an-  usiialh  taken  on  the  more  important 
Btructures  hut  frequently  are  neglected  on  small 
dams  General  responsibility  for  such  Btructures 
1 1 1 j i \  he  with  a  State,  county,  municipality,  or  a 
special  hoard  or  commission  endowed  with  admin- 
istrative powers.      The  owner  should   advi-c  such 

authority  of  the  definite  arrangements  being 
made  for  periodic  inspection  and  report  by  a 
responsible  person  who  is  informed  of  the  hazards. 
For  more  important  structures,  the  inspection 
should  he  conducted  by  an  engineer.  In  remote 
locations,  arrangements  may  he  made  with  a 
forester,  a  minor  county  official,  or  a  nearby 
rancher  for  inspection  of  small  structures. 
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251.  Maintenance  and  Operating  Instructions. 
Written  instructions  for  maintenance  and  opera- 
tion of  the  structures  and  equipment  should  he 
prepared  as  part  of  the  design  function  and  fur- 
nished to  the  owner  or  operating  agency.  These 
instructions  should  establish  the  frequency  of  and 
describe  the  extent  and  nature  of  inspections. 

The  instructions  should  also  provide  for  the 
routine  servicing  of  mechanical  equipment  where 
gates  and  valves  are  provided,  and  should  include 
such  instruction-  furnished  by  the  manufacturer. 
The  inspections  and  servicing  should  he  accom- 
plished in  accordance  with  the  principles  discussed 
in  part   B  of  this  chapter. 

The  instructions  Should  also  include  detailed 
discussions  of  the  proper  operation  of  gates  and 
valves  from  both  mechanical  and  functional  view- 
points. If  a  spillway  is  controlled  by  manually 
operated  gates,  specific  instructions  Bhould  he 
given  regarding  the  operation  of  the  gates  during 
flood  inflows  into  the  reservoir. 


B.    INSPECTION  AND  MAINTENANCE  OF  DAMS 


252.  Earthfill  Dams.  -(&)  Gun  ml  Information. 
Routine  maintenance  of  emhankment  slopes  and 
the  crests  of  earth  cmhnnkmonts  ran  he  expected. 
However,  any  unusual  conditions  which  may  ad- 
versely affect  the  safety  of  an  earthfdl  dam  should 
M  reported  promptly.  Any  abnormal  require- 
ments for  maintenance  should  also  he  reported. 

h  Inspection  of  Embankments  ami  Founda- 
mons.  The  embankment,  abutments,  and  visible 
portions  of  the  foundation  adjacent  to  an  earth 
emhankment  should  be  inspected  at  regular  inter- 


vals for  evidence  of  development   of  unfavorable 
conditions 

During  rapid  filling  of  the  reservoir,  the  down- 
stream slope  of  the  emhankment  and  the  foun- 
dation downstream  from  the  emhankment  should 
he  carefully  inspected  at  frequent  intervals  for 
indications  of  cracks,  slides,  sloughs,  suh-idcic 
impairment  of  slope  protection,  springs,  Beeps,  or 
DOgg3  areas  caused  by  Seepage  from  the  reservoir 
The    upstream    slope    of    the    emhankment    should 

also    he    carefully    inspected    after    periods    of 

409 


410 


DESIGN  OF  SMALL  DAMS 


sustained  high- velocity  winds,  and  as  the  reservoir 
water  surface  is  being  drawn  down,  for  evidence 
of  cracks,  slides,  sloughs,  subsidences,  or  damages 
to  the  slope  protection,  such  as  displacement  of 
riprap  or  other  signs  of  serious  erosion. 

During  periods  of  low  reservoir  level,  the  ex- 
posed portions  of  the  abutments  and  the  reservoir 
floor  should  be  carefully  examined  for  sinks  or 
seepage  holes,  unusual  beaching  conditions,  or 
cracking.  During  periods  of  sustained  high  reser- 
voir level,  monthly  inspections  should  be  made  of 
the  embankment,  with  particular  attention  being 
given  to  the  crest  of  the  dam,  to  the  visible  por- 
tions of  the  upstream  slope  protection,  to  the 
downstream  slopes,  and  to  areas  downstream  from 
the  dam  for  evidence  of  abnormal  development. 
The  frequency  of  inspections  may  be  decreased 
after  several  seasons  of  operation  have  disclosed 
no  abnormal  conditions. 

(c)  Reporting  of  Abnormal  Developments. — The 
occurrence  of  unusual  conditions  should  be  re- 
ported immediately  to  the  operating  agency  or 
owner  of  the  dam  by  letter,  telegram,  or  telephone, 
depending  upon  the  nature  of  the  development 
and  the  apparent  urgency  for  repair.  The  descrip- 
tion of  slides,  sloughs,  or  sudden  subsidences 
should  include  the  location,  extent,  rate  of  sub- 
sidence, effects  of  adjoining  structures,  reservoir 
and  tailwater  elevations,  prevailing  weather  con- 
ditions, and  other  facts  believed  to  be  pertinent. 

Information  regarding  the  development  of 
springs,  seeps,  and  boggy  areas  should  include 
such  data  as  the  location  and  size  of  the  affected 
areas,  the  estimated  discharge,  the  nature  of  dis- 
charge (whether  clear  or  cloudy  water),  and  the 
reservoir  tailwater  elevations.  To  facilitate  anal- 
ysis of  conditions,  a  map  should  be  prepared 
showing  the  extent  of  all  seeped  areas,  springs,  and 
data  such  as  dates  and  reservoir  levels  at  the  time 
of  observation.  This  map  should  be  revised 
periodically. 

253.  Concrete  Dams  and  Concrete  Structures. — 
(a)  General  Information. — All  concrete  structures, 
including  dams,  should  be  periodically  inspected, 
with  the  following  objectives  in  mind: 

(1)  To  verify  the  safety  of  structures  and 
facilities. 

(2)  To    disclose    conditions    which    might 
cause  disruption  or  failure  of  operation. 

(3)  To  determine  the  adequacy  of  struc- 
tures and  facilities  to  serve  the  purpose  for 


which  they  were  designed  and  are  being  used. 
(4)  To  note  the  extent  of  deterioration  as  a 
basis  for  planning  maintenance,  repair,  and 
rehabilitation. 

(b)  Inspection  of  Concrete  Structures. — Annual 
inspections  should  be  made  by  operating  personnel 
and,  at  intervals  of  not  greater  than  6  years, 
major  concrete  structures  should  be  inspected  by  a 
board  of  qualified  engineers.  Annual  inspections 
should  be  made  of  all  portions  of  the  structures 
readily  accessible  and  all  other  portions  where 
there  is  reason  to  believe  that  damage  may  have 
occurred.  Inspections  by  the  board  of  engineers 
should  be  more  thorough  and  detailed  than  those 
made  by  operating  forces  and  should  include  por- 
tions of  the  structures  not  ordinarily  accessible, 
such  as  penstocks,  conduits,  etc.  These  inspec- 
tions should  be  scheduled  during  periods  of  low 
water  to  check  the  condition  of  structures  nor- 
mally submerged  and  during  periods  of  maximum 
water  level  to  check  structural  behavior  under  full 
load,  or  during  maximum  spillway  discharges. 
The  inspections  should  cover  such  items  as: 

(1)  Abnormal  settlements,  heaving,  deflec- 
tions, or  lateral  movement  of  concrete  struc- 
tures. 

(2)  Cracking  or  spalling  of  concrete  and 
opening  of  contraction  joints. 

(3)  Deterioration,  erosion,  or  cavitation  of 
concrete. 

(4)  Abnormal  leakage  through  foundation 
or  formed  drains  or  through  concrete  surfaces, 
construction  joints,  or  contraction  joints. 

(5)  Possible  undermining  of  the  down- 
stream toe  or  other  foundation  damage. 

(6)  Unusual  or  inadequate  operational  be- 
havior. 

A  written  report  of  this  inspection  should  be 
made  to  the  owner  or  operating  agency  discussing 
the  structures  and  conditions  observed  and  recom- 
mendations for  corrective  measures  where  re- 
quired. 

(c)  Inspection  of  Channels  and  Surrounding 
Areas. — Channels  and  surrounding  areas,  includ- 
ing backfill  adjacent  to  concrete  structures  and 
embankment  not  included  in  the  limits  of  an 
earthfill  dam,  should  be  inspected  in  conjunction 
with  the  concrete  structures.  These  inspections 
should  cover  such  items  as: 

(1)  Channel  bank  or  bed  erosion  and 
silting. 
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(2)  ( Sondition  of  riprap  areas. 

(3)  Presence  and  condition  of  undergrowth 

in  bottom  and  oil  sides  of  channels  and  esti- 
mated effect  on  tailwater  levels 

(4)  River  aggradation  «>r  degradation  and 
poeaible  effect  on  hydraulic  operation  of  struc- 
tures m\ «>l\  ed 

Abnormal  subsidence  <>f  backfill  or  em- 
bankment areas. 

(ID  Unusual  or  inadequate  operational  be- 
bavior. 

254.     Mechanical    Equipment.      Periodic    inspec- 


lion  of  spillway  gatei  and  tests  of  operating  equip- 
ment should  be  made  hv  an  engineer  or  a  mechanic 
familiar   with    the   purposei  of   the   equipment. 

Inlet  and  outlet  gates  and  valves  should  he  tested 

regularly  t<>  see  that  they  work  freelj      All  gates 

and  valves  should  he  BXerdsed  at  least  annually, 
t0  determine  that   they  are  in  good  Operating  COn- 

tion.  Mechanical  equipment  should  be  lubri- 
cated and  serviced  in  accordance  with  the  manu- 
facturer's instructions. 

Traahracks  should  he  cleaned  of  dehris  and 
accumulated  sediment;  uietalw  ork  should  he 
painted  to  prevent  rusting. 


C.     OPERATION 


255.  Storage  Dams.  The  dams  discussed  in  this 
text  nonnalh  will  be  used  to  store  water  for  sup- 
plementary irrigation,  domestic  water  supply, 
recreational  purposes,  stock  ponds,  or  auxiliary 
flood  control  in  tributaries  of  main  streams. 
Their  operation  will  rarely  require  continuous 
attention,  except  at  seasonal  intervals.  If  war- 
ranted, there  should  he  an  operator's  house  with 
telephone  service,  at  or  near  the  control  works  of 
dams.  Also,  the  operator  should  have  available 
a  supply  of  small  tools,  sandhags,  and  other 
maintenance  and  emergency  equipment. 

Besides  control  for  purposes  of  distribution,  the 

water  level  in  the  reservoir  may  require  a  change 
at  regular  intervals  to  prevent  propagation  of 
malarial  or  pest  mosquitoes,  and  to  evade  algae 
or  other  aquatic  growth.  The  pond  level  on 
storage  dams  may  also  have  to  he  drawn  down 
upon  receipt  of  storm  warnings  to  provide  storage 
for  floodwaters. 

The  Stimulation  and  protection  of  growth  of 
vegetative  cover  to  retard  erosion  on  the  slopes 
of  the  reservoir,  on  the  horrow  pits  used  in  con- 
struction, and  on  the  slopes  of  earthfill  dams  not 
otherwise  protected  is  an  important  item  of  main- 
tenance to  which  careful  attention  should  he 
given.  This  cover  is  an  essential  item  of  protec- 
tion against  erosion  and  sloughing  of  hanks,  as 
well  as  of  beautificatiOQ  of  the  structure,  and  may 
have  an  important  influence  on  the  cost  of  repairs 

Expert  advice  on  suppression  of  algae  growth 
in  reservoirs  should  he  obtained  and  followed,  and 

no  chemicals  should  he  introduced  into  a  reservoir 
without  competent  advice. 


Instructions  for  operation  of  mechanical  equip- 
ment should  he  followed  doselj  so  as  to  prevent 
damage  to  any  of  the  installations  through  im- 
proper operation.  Instructions  given  for  the 
manual  control  of  spillway  gates  during  the  occur- 
rence of  floodflows  into  the  reservoir  should  he 
followed  in  detail,  and  operating  personnel  should 
not  presume  to  interfere  with  the  operation  of  the 
spillway  in  the  manner  which  was  contemplated 
in  the  design  as  explained  in  the  maintenance  and 
operating  instructions. 

256.  Diversion  Dams.  Diversion  dams  are  dams 
built  for  the  purpose  of  raising  the  level  of  t lu- 
st ream  and  not  for  purposes  of  storage  or  equal- 
isation of  flow.  Such  dams  may  divert  flows  into 
canals  for  irrigation  of  lowlands  in  the  stream 
valleys  or  to  spreading  grounds  for  replenishment 
of  ground-water  storage. 

Diversion  dams  are  almost  invariably  overflow 
dams  or  have  long  overflow  sections.  Control 
gates  are  usually  supplied  so  that  the  required 
diversion  level  may  he  maintained  in  spite  of 
fluctuations  in  streamflow  or  in  order  to  pass 
portions  of  the  How  as  needed  to  satisfy  down- 
am  water  rights.  This  mechanical  equipment 
should  he  operated  and  maintained  in  accordance 
with   the  instructions   furnished   as  a   part   of  the 

design  function. 

Diversion  dams  are  often  founded  on  sand\  <>r 
gravelly  streamhed  materials.  In  such  cases,  their 
atability  may  he  insured  l>\  a  hroad  base  with 
CUtoff  walls.  Such  dams  must  he  safeguarded  h\ 
frequent  inspections  for  evidence  of  piping  or 
boils  helow    the  dams  or  for  an  increase  in  volume 
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of  seepage  appearing  at  the  downstream  toe. 
The  downstream  apron  is  usually  protected  at  the 
toe  by  heavy  riprap.  After  floods,  the  streambed 
should  be  examined  and  the  riprap  renewed  and 
repaired  if  necessary. 

257.  Flood  Detention  Reservoirs. — Flood  deten- 
tion reservoirs  serve  to  reduce  flood  peaks  by  the 
temporary  storage  of  that  part  of  the  flow  which 
is  in  excess  of  the  capacity  of  the  spillway  or  outlet 
works  of  the  dam.  All  reservoirs  or  pools  produce 
some  detention  effect. 

Structures  built  for  the  specific  purpose  of  flood 
control  by  detention  may  be  built  with  outlets 
which  will  automatically  control  the  rate  of  release 
within  safe  limits.  Overflow  spillways  are  also 
provided  in  order  to  protect  the  dams  even  at  the 
expense  of  possible  flood  damage  below  the  struc- 
ture, should  a  flood  occur  larger  than  that  for 
which  the  dam  was  designed  to  control. 

In  addition  to  general  inspections,  the  outlet 
works  of  such  structures  should  be  kept  clear  of 
soil  deposits  and  debris  which  might  affect  their 
proper  functioning. 

258.  Changes  in  Operating  Plan. — A  dam  built 
for  purposes  of  flood  control  may  be  diverted  from 
its  intended  use  by  reason  of  the  demand  of  a 
community  for  full  storage  for  irrigation  or  water 
supply.  Such  demands,  if  acceded  to,  may  result 
in  a  dangerous  situation  and  possibly  in  the 
complete  loss  of  the  dam  by  overflow  in  the  event 
of  excessive  runoff.  A  change  in  the  operation 
of  a  structure  or  dam  should  not  be  made  without 
a  complete  appraisal  of  the  effects  which  such 
a  change  will  have  upon  the  structural  and  func- 
tional design  of  the  structure. 

Raising  the  height  of  a  dam  is  sometimes  under- 
taken without  due  consideration  of  the  relation 
of  the  increased  pressures  to  the  limitations  of 
the  original  design.  No  structural  changes  should 
be  made  without  reference  to  the  original  plans  or 


without  the  advice  of  an  experienced  engineer, 
preferably  the  designer. 

The  capacity  of  a  storage  reservoir  should  not 
be  increased  by  placing  stoplogs  or  other  obstruc- 
tions in  an  open-crest  spillway  without  reference 
to  the  original  plans  and  contemplated  method 
of  operation  or  without  the  advice  of  an  experi- 
enced engineer.  Such  devices  may  operate  in 
such  a  manner  as  to  effectively  reduce  the  ability 
of  the  reservoir  and  dam  to  safely  store  and  pass 
the  predicted  inflow  design  flood. 

259.  Coordination  of  Multiple  Uses. — Storage 
dams  may  be  operated  for  more  than  one  purpose. 
Multiple  use  may  be  made  of  the  same  storage 
space,  or  various  head  ranges  in  the  same  reservoir 
may  be  utilized  for  different  purposes,  such  as 
flood  control,  power,  irrigation,  recreation,  water 
supply,  or  navigation.  Such  combined  operation 
requires  very  careful  planning  and  control,  as 
some  of  the  uses  are  not  compatible  with  others. 
For  example,  a  power  user,  in  order  to  be  sure  of 
the  maximum  amount  of  firm  power,  may  wish 
to  have  the  storage  full  when  flood  hazard  is  im- 
minent and  the  need  for  available  reservoir  ca- 
pacity greatest.  Such  combined  operation  is 
possible  only  with  loss  of  some  measure  of  benefit 
to  one  or  all  of  the  participants.  In  spite  of  these 
difficulties,  conditions  often  make  it  desirable  to 
permit  such  multiple  use.  Where  such  allocations 
are  known  in  advance,  they  may  have  an  influence 
on  the  design  of  the  control  devices.  Careful  man- 
agement is  important  in  the  operation  of  multiple- 
use  reservoirs  in  order  to  maintain  a  balanced 
perspective  in  the  matter  of  relative  values. 

The  method  of  operation  of  a  multiple-use 
reservoir  should  not  be  arbitrarily  changed  with- 
out consideration  of  the  effect  of  such  a  change 
upon  the  operation  of  the  dam  and  upon  the 
maximum  water  surface  which  will  result,  should 
the  design  inflow  flood  occur. 


«    Appendix   A 


Estimating   Rainfall   Runoff  from 
Soil   and  Cover  Data 


A-1.  Introduction.  Although  mi  engineer  nt- 
tempting  to  estimate  the  amount  of  runoff  that 
will  result  from  a  given  amount  «>f  precipitation 
on  n  Bpecific  men  must  exercise  considerable 
judgment,  the  more  information  he  lins  available 
the  mure  accurate  will  be  lus  estimate.  The  in- 
formation presented  in  tins  appendix  provides  a 
menus  whereby  an  engineer  may  obtain  an  esti- 
mate of  direct  runoff  from  n  given  amount  of 
rainfall.  It  is  taken  from  the  "Hydrology  Guide 
for  Use  in  Watershed  Planning,"  '  published  by 

the  Soil  Conservation  Service,  with  some  editorial 
Changes  to  meet   the  purpose  of  this  text. 

A-2.    Hydrologic    Soil    Groups.2      (»)    Purpose. 

Watershed   soil   determinations  are   used   in   the 
preparation  of  hydrologic  soil-cover  coin  pit  six  (sec. 

A-4),  which  in  turn  are  used  in  estimating  direct 
runoff.  Four  major  BOil  groups  are  used.  The 
soils  are  classified  on  the  hasis  of  intake  of  water 
at  the  end  of  long-duration  storms  occurring 
nfter  prior  wetting  and  opportunity  for  swelling, 
and  without  the  protective  effects  of  vegetation. 
The  major  hydrologic  soil  groups  are: 

A.  (Lowest  runofT  potential.)  Includes 
deep  sands  with  very  little  silt  and  clay,  also 
deep,  rapidly  permeable  lor-- 

B  Mostly  sandy  soils  Less  deep  than  group 
A.  and  loess  less  deep  or  less  aggregated  than 
group  A.  hut  the  group  as  a  whole  has  ahove- 
average  infiltration  after  thorough  wetting. 

('  Comprises  shallow  soils  and  soils  con- 
taining considerable  clay  and  colloid,  though 


'•' Hydrology  QoJdt  for  Cm  in  Watershed  Piwmin.  i  thulium 

inn  Handbook,  Bastion  *.  Hydrology,  Sapptanenl  K,  0  B   Deportment  of 
Agrtcolturo,  -"ii  Human illun  Benrloe, 

•  The  text  of  Motion  I  I  by  G   W    M«  . 

Bpedanat  dnflltratlon),  Boll  I  m  Barrios. 


less  than   those  of  group    D.      The  group   has 

below-average  infiltration  after  preeaturation. 
I).  (Highest  runoff  potential.)     The  group 

includes  mostly  clays  <>f  high  swelling  percent, 
hut    it   also   includes  some  shnllow   soils   with 

nearly    impermeable    subhorizons    near    the 

surface. 

The  classification  of  soils  into  the  major  hydro- 
logic  soil  groups  may  he  done  on  the  ha-^is  of  tin- 
soil  array,  as  discussed  in  the  next  section,  pro- 
vided agricultural  soil  maps  are  available.  If  such 
maps  nre  not  available,  the  soils  will  have  to  be 
classified  on  the  hasis  of  judgment. 

(h)  Determination  of  Hydrologic  Soil  Group*. 
Bach  watershed  is  classified  as  being  in  one  of  the 
four  major  hydrologic  groups  given  above.  The 
soil  array,  table  A  1,  is  used  to  find  the  average 
classification  of  soils.  For  example,  a  given  water- 
shed has  80  percent  of  its  area  in  the  B  soil  group 
and  20  percent  in  the  C.  The  T  soil-  are  inter- 
spersed with  the  B  soils.  The  watershed  is  classed 
as  a  B  soil  group  area.  The  C  soil  group  cannot 
he  handled  separately  unless  it  is  a  compact  area. 
in  which  case  the  watershed  is  divided  into  two 
parts  which  are  handled  as  individual  watersheds 
during  the  estimates  of  direct  runoff  volumes.  In 
general,  however,  the  watersheds  should  lie  used  as 
units. 

(c)  Soil  Array*.  The  relative  hydrologic  re- 
sponse of  different  soils  or  -oil  groups  is  an  essen- 
tial item  in  many  engineering  determinations 
The  following  list  of  major  soils  of  the  United 
States  (i.e.,  either  of  major  importance  localU  or 
of  major  extent)  is  a  guide  to  the  relative  ha-.' 
rating  of  any  soil  Alocalsoil  not  included  in  the 
list  can  he  compared  with  those  that  are  included 
and   its   relative   position   thus  determined. 
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DESIGN  OF  SMALL  DAMS 


Table  A-l. — Hydrologic  soil  groups  l 
GROUP  A 
(Includes  deep  sands  with  very  little  silt  and  clay;  also  deep,  rapidly  permeable  loess) 


Sou 


Adams. 
Alton. .- 


Americus 

Ankeny . 

Arion  loamy  fine  sand. 

Arkport 

Arnold  sandy  loam 

Arredondo 

Ashley 

Aspen 


Area  or  areas 
reported ' 

1 

1 

2 

3 

3 

1 

6 

2 


Balls  loamy  fine  sand 

Barnston  gravelly  sandy  loam. 
Barth 


Bartleson 

Beebe 

Bellevue 

Berrien 

Billingsley  fine  sand 

Bingen 

Blanton 

Boone  fine  sandy  loam 

Braham 

Brazita 

Broward 

Brown  field  sand  and  loamy  sand 

Bruno  sand  and  loamy  sand... 2,4 

Buckner  loamy  sands  and  sands 3 


Carlisle  (New  York)  «... 

Carver 

Cashmere 

Central. 

Chelsea  sand  and  loamy  sand. 

Chenango 

Chetek 

Chiefland. 

Chute 

Cinibar  silt  loam 

Cispus  pumicy  sandy  loam 

Clack 


Coloma 

Colonie 

Colosse 

Colton  gravelly  sandy  loam. 

Crevasse 

Croghan 


Derby  fine  sand  and  loamy  fine  sand 4 

Deschutes 6 

Dolph  sandy  loam 6 

Duelm 3 

Dukes 1 

Dune  sand 1,2,5 

Dwyer  fine  sand S 


Eatontown 

Elliber... 

Elmira _ 

Emerson... 

Enterprise  loamy  fine  sand 

Ephrata  loamy  sand  and  sandy  loam. 

Estherville  loamy  sand 

Eufala  fine  sand 

Eustis 

Everett  gravelly  sandy  loam 


4 
6 
3 
4 
2.4 
6 


Soil 
Fitch  gravelly  sandy  loam. 

Flasher  fine  sand 

Fordney  loamy  sand 

Fort  Meade 


Area  or  areas 
reported > 

6 

5 


Garrison 

Qaviota  sandy  loam. 

Qearhart  sands 

Geer 


Giles  very  fine  sandy  loam. 

Glenbar 

Goldridge  fine  sandy  loam.. 

Grayling 

Green  water  sandy  loam 

Grimstad  loamy  fine  sand.. 

Gudrid  loamy  fine  sand 

Guin 


Hampden.. 

Haskill  fine  sand.. 

Hesseltine  gravelly  sandy  loam 

Hinckley 

Hiwood  loamy  fine  sand 

Holden 

Hoodsport  gravelly  loam 

Hoosic 

Hubbard  fine  sand  and  loamy  fine  sand. 
Huckabee 


Immokalee 

Independence 

Indianola  sandy  loam. 
Isanti  loamy  fine  sand. 

Ivie 

Izard  loamy  sand 


6 
6 
6 
6 
6 
4 
6 
3 
6 
3 
3 
2.4 

1 

5 
6 
1 
3 


Jaffrey 

Jonesville 

Kalkaska 

Kenney  loamy  fine  sand. 

Kershaw 

Kilbourne 

Klaus  gravelly  loam 

Klej 

Kootenai 


1 

2 

3 

4 

2 

3 

6 

2 

6 

Lakehurst. 1 

Lakeland  fine  sand 2,  4 

Lakeville  gravelly  loam  and  sandy  loam 3 

Lakewood 1 

Lakin  loamy  sand 1 

Lauren  sandy  loam 6 

Leavenworth  sandy  loam 6 

Lihen  loamy  fine  sand 5 

Lincoln  fine  sand  and  loamy  fine  sand 4 

Lynden  fine  sandy  loam 6 

Lynndyl 6 

Lystair  loamy  sand. 6 


Manchester 

Marble  sand 

Marenisco 

Marina  sand 

Marquette  gravelly  loamy  sand. 

Medio  fine  sand 

Menahga 

Monteola  clay 


Soil 

Moorefield 

Morocco _ 

Moro  Cojo  loamy  sand. 

Nashville 

Nekoosa 

Nodaway  sand.. 

Nueces  fine  sand 


Area  or  areas 
reported  * 

4 

3 

6 


3 

4 

3 

4 

4 

6 

Orlando 2 

Otisville. 1 

Ottawa.. 1,3 

Ottokee 3 


Oakville 

Ochlockonee  loamy  fine  sand. 

Orelia  clay  loam 

Orem. 


Palm  Beach 

Payette- 

Pend  Oreille  sandy  loam . 

Pentura 

Perks 


Peshastin  stony  fine  sandy  loam. 

Petosky 

Plainfield 

Plummer 

Plymouth 

Pound 

Preston... 


Quincy  sand  and  loamy  sand. 
Quonset 


Ragner  fine  sandy  loam . 

Ratlum 

Ravola 

Rifle - 

Rodman 

Roosville  sand 

Roscommon 

Rubicon 

Rudd. 

Rupert  sand 


1 

3 

2 

1 

6 

6 

6 

1 

6 

1 

6 

6 

3 

5 

3 

3 

4 

6 

2,4 

2 

6 

3 

6 

6 

3 

6 

6 

6 

3 

6 

4 

6 

6 

Tedrow - 3 

Thornwood  gravelly  loam 6 

Tivoli  sand  and  loamy  sands 4.  5 

Tombigbee 2 

Touhey  sandy  loam fi 

Toutle  loamy  sand 6 


Saffell 

St.  Lucie 

Santaquin 

Sarpy  loamy  sand  and  sand. 
Selle 


Sheppard 

Sioux  loamy  sand.. -. 

Skykomish  gravelly  sandy  loam. 

Snoqualmie  gravelly  loam 

Spanaway  gravelly  sandy  loam.. 

Spinks 

Springdale... - 

Springer  loamy  sands 

Stillman 

Syracuse -- 


1  Since  this  is  the  first  time  a  hydrologic  array  of  this  kind  has  been  pre- 
pared, this  grouping  is  tentative  and  subject  to  change.  Adjustments  will 
be  made  as  discrepancies  are  discovered  and  as  more  information  and  experi- 
ence are  gained  through  usage.    The  soil  series  name  only  is  given  where 


the  textural  range  is  narrow  and  the  soil  occurs  in  only  one  group. 

2  See  areas  shown  on  fig.  A-2. 

3  Carlisle  muck  in  Ohio  is  in  group  C. 
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M 
Tujunga  grave  lly  sand . . 
Tunkhannock 
Ulen  loamy  fine  u»n.l 
Valentine  dm-  Mnd 

i  clay 


Tabu  A— 1. — Hydnluic  *od  group* 

AM 


,-lrfa  or  artat 
rrportrd ' 


.       .        In. Mil  i. II   (!►■      \     .' 


I 

Vinton 

Von  i 

ro 

I 
Wi".||«irt  sands 


Group  \     ' 

'  arrat 

'rj-irtrd1 

3 
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•  Hltltlliril 

Am  or  arret 
Soil  rrportrd  > 

\N  in.  ti.-t.-r  Modi  | 

I  Rim  mvaUj  loam  | 

\\  Indaoi  i 

Yonkir-  | 

Zlinnirriiiaii  BM  WaA  tad  loumy  BUI  3 


GROUP  M 

Mostlj  aandj  -"ii-  km  deep  than  A,  and  loee*  leaa  deep  01  leaa  aggregated  than  \,  but  the  group  a>  ■  Rrhole  hai  above- 
average  infiltration  after  tlioroiiKli  wetting) 


Soil 


AI..IJ.. 

ualhy 
Ackinrn 

n 

•rth 
Agawum 
Aiken  clay  loam. 

n 
AJbamarto 

. 


Attn  or  .urn 
rrportrd 

a 


Alhlen 

Alder m.h>.|  gravelly  loam 
\l.  \  n  i  - 1  r  i  i 
All.  .  I  Mil  loam 

Allan  ash 

Allen 


AIIiiiw.nhI 

Allison 

Alvln. 

Amarllln  fine  sandy  loam. 

Amcnl.i 

A  mile 

Amnion  

Amsterdam  sill  loam 
AnnaNlla 

Annamlalc  

Anthony       

appttHI 

Araplcn  

Arcnivllle 

Arkansas  fine  sandy  loam 

Aroostook 

Arvcson 

Asbury 

Ashe       

Ashton   

Astoria  loam  

.  silt  loam 

AtterNiry  

Attieboro    

At  wood 

Aura 

Avery  


B  i  i-.x-k  gravelly  loam. 

r  

Bancroft 
Bangor 

Bannock  

Barbourvllle 
11  IM 

Bamstead  

Barrlneton 
Bates 


Battrlck  stony  loam 

B  iv'. r  2. 

>n  gravelly  loam 

Badfard 


Ifr.l 
M  rrtHirlrd 

liee.liy  2 

H.  n.  .|h  t  i  | 

Bam  ih  (i 

n.n-<  .ii  i 

re  i 

Berimidian  2 

Bcrthoud  silt  loam  4 

Bertie  J 

II.  rlr  in. I  -ill  1, ..nil  3 

Banian  ^ 

Beverly  f> 

Bett  ley  villi-  2 

llickliton  f, 

111,-nMlle  2 

BtggS 3 

ille  3 

Hlll.tt 3 

Bingham fi 

BlriliM.HKl  1 

Blrkbeck   3 

Biscay 3 

Blackfoot     « 

Blakely 2 

Blandford    1 

Bland  InR 6 

Hlo.kvtt  5 

Bodtne  2 

Bold  3 

Bolton         2 

Bonner 6 

Howie  2 

Bowman  

Boaidw 

Boyer     

Boynton 

Bradbury       

Brad]     

Brandon  

Branford       



Bratton 



Brennan  loamy  fine  sand 

Brenton    

Brldgehampton 

Brldgcvllle     

Brlmfleld 

Broadbrook  

Brook  field 
Brookston 
Brnwnfteld  loamy  fine  sand 

BrownlM 

Bninswlek 
Buckland 

Itu.k-.  r 

Huii...ml»- 

Burke 

Hurtihim 

Burns1,  tile  3 

Burton  2 

Unite  stony  loam  « 


M 


Arra   or  orra 
rrportrd 


H>In. 

.La... . 

OtldwaD 
C  rial . 
Oaloo 

H. 
ft  II W  HI 

li.ui 
Canyon 
("apron 
Caps' 

.11 

Cam. 

Carrlngton 
'  ilrs     . 


CMOadC 

Casco 

C.ist.m.i 
Castana-Naplcr  complei. 

Catherine 

Cattaraugus 

Caylor  

Ooefl 

Centerlon  

-in   ......  1 

Chalker 
Chamokane 
Charlton 
Chase  burg 

burg- Nodaway  complex 
Chattahoochee 

ChilialLs  clay  loam,  loam,  and  silt  loam 
Cbunawa 
Un 

Clwjrauot 

Chlckasha 
Chlco|>ee. 
Chill 


Chtlmark 

Chilian  daa    . 
Choccolocco.. 
Choctaw 
Cisco 
Claiborne 
Clallam 
Clarion 

Clarion  -Dickinson  complex 
Clarion -Nicollet  complex 
II. 

I 
Cleburne 
Cle  Klum 
Cleora 
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Soil 

Clifton 

Clinton 

Cloquet - 

Clyde-Floyd  complex... 
Clymer 

Cobb -- 
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Table  A-l. — Hydrologic  soil  groups — Group  B — Continued 


Area  or  areas 
reported 

2 

3 

3 

3 

._ 1 

._ 4 


Cokesbury 

Colburn 

Colby — - 

Colebrook --- 

Colfax.... 

Collbran 

Collenston 

Collins 

Colrain.. 

Colton  sandy  loam 

Conant 

Condon  __ 

Conestoga.. 

Congaree 2,4 

Cookeville. 2 

Cooper -         3 

Coosa. 2 


1 

Cornwall --         1 

1 

2 

6 

6 

2 

5 

Crider       

2 

2 

Culleoka            

2 

2 

2,4 

Cushman .     

5 

Dade 2 

Dakota 3 

Dalhart  fine  sandy  loam 4,  5 

Danforth 1 

Darnell  stony  fine  sandy  loam 4, 5 

Davidson 2 

Decatur 2,4 

Declo 6 

Decorra 

Dekalb 

Dekoven 

Delphi __ 

Dewey 

Dexter 

Dickinson 

Dickson 

Dierks 

Dill. 

D  isco 

Dixie... 

Dixmont 

Dodds.. 

Dodgeville.. _ 

Dolph  loam 

Dorchester ._ 

Doty 


Dougherty. 

Douglas 

Dover 

Downey 

Downs 

Doyle 

Dragston.. 

Drake 

Draper 

Dresden 


Soil 

Drummer 

Dubbs __ 

Dubuque 

Ducker.. 

Duffield 

Dunbar 

Duplin 

Durham 

Dutchess... 

Duval  fine  sandy  loam,  deep  phase. 


Area  or  areas 
reported 

3 

4 

3 

-. 2 

1 

2 

2 

2 

1 

4 


Easton 1 

Ebbs fi 

Edgemont 1,2 

Edneyville 2 

Elco 3 


El  Dorado 

4 

Elioak __ 

2 

Elk 

2,4 

Ellisforde 

6 

Ellison.. 

3 

Elmore. 

6 

Elmwood 

1 

Emmet 

3 

Emory .      

1,4 

Endicott ..     .     ... 

6 

Enfield 

1 

Ennis 

2 

Ensley  

3 

Enterprise  very  fine  sandy  loam 

4 

Essex _     _ 

1 

Estherville  silt  loam 

3 

Etowah 

2 

Eulonia _ . 

2 

Ewingville 

1 

Facevllle 

2 

3 

Faison 

2 

Falk 

6 

Fall            

3 

6 

Fallsington..  _  ._  _ 

2 

Fannin 

2 

5 

1 

2 

2 

3 

3 

Flathead               

5 

Flom .___._  

3 

Florham 

1 

Flovd  loam  and  silt  loam..  

3 

Forbes  (undifferentiated) 

3 
3 

Fox                           

3 

1 

1 

1 

1 

2,4 

Fruita     ..     .       

6 

2 

Gainesville 

2 

Gallion 

4 

Galva.. 

3 

Geary 5 

Genesee 1,3 

Genola 6 

Georgeville 2, 4 

Gilbert... 3 

Qilcrest 5 

Gilead.... 2 


Soil 


Gilford 

Glendive... 

Glenelg 

Glenwood.. 
Gloucester. 

Glover 

Goldsboro. 

Goodloe 

Grafton 

Granby 


Area  or  areas 
reported 

3 

5 

1,2 

3 

1 

1 

2 

2 

1 

3 


Grant ___ _  4,5 

Grantsdale 5 

Grantsville... 6 

Granville _ _ 2 

Gravity _ _ 3 

Green  Bluff 6 

Greenriver. _ 6 

Greensboro 1 

Greenville.. __ 2,  4 

Grimstad  fine  sandy  loam... 3 

Grover... 2 

Groveton 1 

Grygla 3 

Gudrid  fine  sandy  loam. 3 


Habersham 

Hackers 

Hackettstown 

Haddam _. 

Hadley 

Hagener 

Hagerstown 

Hale  wood 

Half  Moon 

Halsey 

Hamblen. 

Hamburg 

Hamilton 

Hanceville 

Hannahatchee 

Hartford 

Hartland 

Hartleton 

Hart  sells 

Hayden 

Hayesville.. 

Haynie 

Hayter 

Hazel 

Hector.. 

Heisler 

Hembre 

Hermitage 

Hermon  (Gloucester). 

Herndon 

Hero 

Hidalgo. 

Highland. 

Hiko  Springs 

Hillsboro... 

Hillsdale 

H  i  wassee 

Hixton 

Hobbs 

Hodgenville 

Hoffman 

Holdrege..- 

Holland 

Hollis 

Holston 

Holyoke.. 

Honeoye. 

Hopper. __ 

Houlton.. 


2,4 

1 
1 
1 
1 
3 
1.2 
2 
5 
1 
2 
3 
5 


2 
3 
2 
3 

1.2 
2 
4 


2 
1 

2.4 
1 
4 
6 
6 
6 
3 

2.4 
3 
6 
2 
2 
5 
6 
1 
.  2,  3.  4 
1 
1 
3 
1 
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Tabu    \    I      Hydrologie  toil  fre  >i\>  li     Continued 


Soil 


Arta  or  arcti 
ttporlei 

1 


•  itonlc 
II  oven  weep 

n..»  ard 

HoyC 

Hubbard  land)  loam 
Hubleravllle 

>  udy  loam  (California' 
Humphrey* 
Hun  ten 
Huntlnftoo 
HunUville 
1 1  \  ktterllle 
Hyde 

n 

ll>riin 

2 

3 

Iron  Rlvee  3 

brtaftoa 

n  3 

•  ii 
Jenness  .  9 

Johnston  2 

li.i  3 

Jullaett  i  A 


1 

6 
3 
1 
>. 
2 
6 
1.2.3.  4 
i 
I 
2 
I 
I 


3 
2.4 
6 
1 
1 
3 
6 
5 
2 
3 
I 
2 
6 

2 

6 

6 

6 

6 

1 

3 

1 

3 

5 

3 

1 

1 

1 

6 
4 

....  5 

ft 
2 
2 
2 
2 
1.  2 
I.,  h.  »  Ashhy  complex  1 

1 
Lampeter  1 

1 
Laos  2 

LaSaur  3 

l 
1 

•  i  Iroup  C  in  Idaho. 


I 
I 

I 

lie 

l\  Me 

Kennebec 

Kanaedj 
Kenton 

rt 

KlIMirn 
Etttitai 

Knappa 

Knuta 

Lackawanna   . 
Ladoga  gnmp 
Laldkj 

Lamont 

Lancaster 

Landcs 

lie 
Lansd  ali- 
LansIng 
I.:lplne 
Laredo 

■  r 
Lark  In 
Lawrence 
Lradvale 
I 
Leetnnla 


s,i< 
LatlaglM 

Llli.n  !>am   . 

Umertok 
Uncrofl 

Linker 
I. inn.  us 

llll 

Littleton 

LabelelUe 

Lodl 

Uilnlliii 

Lola 

Lonoke 

Loranso 

Lonlaburi 
Lyman 
Lynehban 
Lyoni 


rr^i'lr  J 

I    1 

1 
1 

I 
4 
3 
2 
2 
I 
S 
4 
2 
3 
2 
2 
I 
2 
1 


MaobJaj 

Madison 

Madras 

Madrid 

Magnolia 

Mahaska 

MaUory 

Manltoa 

Minor 

Mamfleld 
Marlboro 

Mario* 

Marquette  sandy  loam. 


l 

2 
6 
1 
2 
3 
2 
2 
1 

1 

2 
1 
3 

Marshall     3, 5 

i   2 

Masardts       1 

Mate  Hon  3 

Malaixake  2 

Mattapex.      2 

Maumee      3 

Manry 2 

4 

Mayneid       - 6 

Mayodan 2 

MoBetb      « 

Mcllrlde 3 

McCammon 6 

McKenna     8 

Mcl'aul  (Hornlck) 3 



Mcllenthln     

'■' 

Memphis 2. 

Mendon 

Marrbnac 

Mi'thow 

MMdleftaU 

Mllaca 

U 

Millard 

Mill  Creek 

Mlnco 

MmdeaatH 

Minidoka 

Mmvah 

Moffat . 

Monanla 

Monona 

Monlalio 

MontleaDo 

Montvllle 


'•'  ami 

- 
ii 

n 

■•■ii 

Ml    i'.irr..|l 

Mousj  i  h  a 

Murrlll 

Musini.i 

Muskingum  i  |,2. 

Mum  ishi  II 

Myertvlu* 

Mytoo 

Nantookel 

Nupli  r 

N arc Use. 
Narragansett 

Naahna 

D 
Nassau 

Neblsh 

Negley 

Nelmlein 

NaeJka 

Nswbati 

NeWfleM 
Newmarket 

Newport 

Newton. 

Newtonla 

Nicholson 

M 

Nlnlgret 

Nixon 

Noble 

Nodaway  silt  loam 

Nodaway-Naplcr-Colo 

Nollchucky 

Norfolk 2 

Norwood 

Nova 

Oasis 

Ohlon 

Ochlockonee  fine  sandy  loam  2. 

Ocklry 

Okanae 

Olaqua 

Olmitr 

Olympic  sllty  clay  loam 

Ona 

Onamia 

Onaway 

Ondawa 

O'Neill 

Onslow- 
Ontario 
Onyx 
Ooltewah 

On  2. 

Orangeburg  2. 

Orchard 

Oshtemo 

Otero 

Othello 

Otlcy 

Ourk 


'  Muskingum  Ls  In  group  C  In  Ohio. 
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DESIGN  OF  SMALL  DAMS 


Table  t 

Area  or  areas 
Soil  reported 

Pace 2 

Pack _ 6 

Paden... 2 

Paiso 4 

Palisade 6 

Palmyra 1 

Palouse — 6 

Paraloma.. 4 

Parker 1 

Parleys 6 

Pasquotank 2 

Patit  Creek 6 

Pawlet 1 

Paxton 1 

Peacham __ 1 

Pegram 6 

Pekay  group 3 

Pembroke 2 

Penasco 4 

Pennington 1 

Penwood 1 

Peone 6 

Pequanoc 1 

Perkins  ville 2 

Peterboro __. 1 

Philby 3 

Philo 2,4 

Pickwick 2 

Pierce 3 

Pinson 2,4 

Pisgah 2 

Pittsfield  (Nellis) 1 

Pittsford 1 

Pittstown 1 

Plaisted 1 

Pleasant  Grove 6 

Pocomoke — 2 

Podunk 1 

Poe --  6 

Pomfret 1 

Pontotoc 4 

Pope... 1,2,3,4 

Poquonock I 

Portales 4 

Port  Byron _ 3 

Porters. 2 

Portneuf... 6 

Portsmouth 2 

Potlatch _.  6 

Poultney _.  1 

Presque  Isle 1 

Primghar  group.- 3 

Proctor 3 

Puget 6 

Purgatory 6 

Puyallup  6 

Quakertown 1 

Quandahl... 3 

Rabun 2 

Racine 3 

Rains   2 

Ralston 6 

Ramsey ._  2 

Rapidan __  2 

Red  Bay 2 

Redfield 6 

Red  Hook 1 

Red  Rock 6 

Reeves 4 

Renslo  w 6 

Rpynolds 3 

Riddle 4 


-1. — Hydrologic  soil  groups — Group  B — 

Area  or  areas 
Soil  reported 

Ridgebury. 1 

Rimer 3 

Ringwood. _ 3 

Ritzville 6 

Roane 2,4 

Robinson  ville 2,  4 

Rockaway 1 

Rockingham 1 

Rockmart 2 

Rockton 3 

Rockton-Dodgeville  (chert  phase) 3 

Rockwell 3 

Roseburg 6 

Roseville 3 

Royalton 1 

Rumford __ 2 

Rumney 1 

Russell 3 

Ruston 2, 4 

Ryders 1 

Sable 3 

Sac 3 

Saco 1 

St.  Agatha l 

St.  Albans 1 

St.  Charles 3 

St.  George.. - 6 

St.  Joe 6 

St.  Johns _ _  2 

St.  Mary's 6 

Salem 6 

Salix 3 

Sanpete 6 

Sassafras 2 

Saugatuck 1,3 

Sawmill  (Illinois) 3 

Say  brook 3 

Scarboro... 1 

Schnorbush 6 

Schumacher 6 

Sciotoville 2 

Scituate 1 

Scobey 5 

Scorup... 6 

Scranton 2 

Seaton 3 

Selma 3 

Seneca 2 

Sequatchie ..  1,  2 

Sevy 6 

Shannon —  2,4 

Shapleigh 1 

Sharon 3 

Sharpsburg 3 

Sheffield.... 1 

Shelburne _..  1 

Shelbyville 2 

Shelton.. 6 

Sheridan 6 

Sidell 3 

Sifton 6 

Sigurd 6 

S  inclair _.  6 

Sioux  sandy  loam 3 

Siskiyou --  6 

Sisson 3 

Skerry 1 

Skiyou 6 

Snohomish __ 6 

Snow 6 

Sogn 5 

Squapan 1 


Continued 

Area  or  areas 
Soil  reported 

Squires. 1 

Starr 2 

Staser 2  < 

State. 2,4 

Statesville 2 

Steinsburg 2 

Stephenville 4 

Sterling _.  6 

Stetson.. _ _  1 

Stevens 6 

Stissing 1 

Stock  bridge 1 

Storden  loam 3 

Strasburg 1 

Stronghurst 3 

Stupel.... 6  : 

Sudbury 1 

Sultan 6 

Sumner _ 3 

Sunset 6 

Surprise 6 

Sutton 1 

Sverup _ 3 

S  wanton 1 

Swauk 6 

Tabiona 6 

Talcott 3 

Tallula .-.-  3 

Tama 3 

Tanberg 3 

Tatum 2 

Teller. _ __ 4 

Tellico -  2 

Terrill .-  3 

Terry S 

Thorndike 1 

Thurman-Clarion  complex 3 

Thurman-Marshall  complex 3 

Thurman-Tama  complex 3 

Thurmont... _.. 2 

Tifton 2 

Tilden 2,4 

Timpanogos 6 

Timula 3 

Tioga 1 

Tirzah 2 

Tisbury ---  1 

Todd --  3 

Tokul 6 

Tollgate --  6 

Townsbury 1 

Tridell 6 

Tusquitee 2 

Umpqua -  6 

Unadilla — 1 

Uncompahgre 6 

Valois 1 

Van  Buren 1 

Vassar 6 

Vaucluse 2 

Vicksburg 2,4 

View -. 6 

Vista ..._ 6 

Volinia - 3 

Volney 3 

Wadena 3 

Wadesboro 2 

Wahee 2 

Waits 6 

Walden .  __ 1 

Wallagras.. 1 
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Tabu    \    l      Hydrologic  toil  group*     Group  B     Continued 


M 

\\ '.iii  i  u.iu 
Walpole 

i  Rprings 
\\  u   t« 

.Mil 

tuirii 

.•lull 
\\  it  illfii 

Waumbek 
on 

Iwro 

■  r 
II,- 
Wrll.y 


artat 

rtimrletl 


I 

I 
I 

I 

I 

:i 
I 
I 
I 


U  ,  nti  itn 

Wetbei 

U  lnl.ly 
Wli. . 
\\  I.,,  lua' 
W  hlii 

W  Inl,  l.ir.l 

Whitman 

Whltwell 

\\  lekhun 

\\   ilk  Hi 

U  ill  llll,  II,' 

Williams 

Wilmington 

Wiltshire 


Soil 


■ 
1 

I 

l 
I 


WIU 
w  oodl 
Woodstde 

I)   I,,  mi 
\\  .., 
Woo  ' 
H  ortl 

Eahl 


•  ami 

I 

4 
I 

1 

4 

I 
3 

1 


<;k<m  P  c 


Comprises  shallow  soils  and  soils  containing  considerable  clay  and  colloid,  though  leas  than  those  of  Group  D.     The 
group  has  below-average  infiltration  after  pre-saturati 


SM 
Abilene  Hin-  asndj 

in 
\  inn 

Addison 
Alton 
Ataney 
I 

mee 

Al'lllHI 

AImiu 

Alt  WllOIlt 

Ah  bra 

!.,  i  I  i>   lo  mi 

Am  bran 

Ami,-. 

Amity 

An, Ins 

Antelope  Bprings 
Appk  (ate 

Ark 

Armagh 
Armuebee 

Aabby 

im 
Ashwood 
Atkins 
Anbnrn 
Augusta 
Austin 
Ava 
A  valon 

H|,'l 

Baker 

B  uaock 

Bark  River 

Barrows 

Bath 

I 

Beasley 

Beaucoup 

Beauregard 

Belinda 


\rr.i  Of  urfiin 

reported 

4 

I 

4 
il 
1 

3 
I 
4 

-'.  I 
1 
I 

I    I 


2.4 
I 
4 
I 
I 

8 
3 
2 

6 

a 

4 
1 
2 
4 
1 

3 
2 

6 

2,  i 

4 
I 

6 


Belmont 

Bennington 

Benton\  111* 

Berks 

Berlin 

Bcrnardston 

Berwick 

Beryl 

Bethany 

Bibb 

Biddetord 

Bleber 

Big  Timber 

Billings 

HillllSV  ille 

Btasefl 
Blackloek 

Block ton 

Blotml 
Bluford 
■  i 
Bolivar 
Bono 
Boomer 
Botbwell 
Bowdre 
Bracket! 
Bradley 
Brasbear 
Brecknook 
Bremer 
Brenner 
Briil|iort 
BrlggadaJe 
Brinkerton 
Brmsburg 
Brittatn 

Brood 

Brookslde 

Buchanan 

Buckbannoo 
Bullion 
Bnrcbard 
Burghi 

Hnnnistir 

Bumu 

Mils. 


Soil 


Iran  or  artai 
trimrlnt 

I 
3 
3 
1 
1 
1 
3 
fi 
I 
2.4 
1 

fi 
t 

4.fi 

4 
6 

fi 
1 

3 
3 
3 
4 
3 
6 
fi 
4 
4 
2 
2 
I 
3 
I 
1 
I 
1 
4 
4 
I 
1 
1 
1 

fi 
5 
2 
fi 
3 
3 


Ssfl 
Butler 
Boston 
Byai  - 
Bymgton 

Cabinet 

Calloway 
Calvin 

din 
Canneld 
Carbo 
Cardington 

Carlisle  muck  (Ohio)  ■ 
Carlton 

Catalpa  day  loam 
Catbcaii 
Catron 
Cavode 
Celma 

rfleld 
Cbanot 
Chandler 
Charlton 
('In  ball!  silly  il  iy  loam 

Chesterfield 
Cbewada 

Chflo 
Chippewa 
Churchill 
Claekamas 

Clarev  ill.- 

Clarksburg 
Clayton 
Clebil 
Cloquallum 
Clyde  . 

(',,  tttDOOk 

.11.1 

Coin 

.1" 

-el 
Cmnmercv 


•  arra 
ftp 


2 

1 

I  4 
1 
I 

1  3 
2 
3 
3 
A 
4 
• 
fi 
1 
3 


•  c.iriisi,'  is  in  group  A  in  N*(  • 
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DESIGN  OF  SMALL  DAMS 


Table  A- 

Area  or  areas 
Soil  reported 

Conway... 4 

Cookport - --  1 

Coral -. - 3 

Corley 3 

Cornutt 6 

Coston -.-  6 

Cottonwood 4 

Cougar 6 

Couse 6 

Covington ..  1 

Cresco. 3 

Crete - 5 

Crofton 3 

Crosby. 3 

Croton 1 

Culvers ...  1 

Curran .  3 

Cut  Bank 6 

Cuthbert 2.  4 

Dalhena 6 

Dendridge - 2 

Danvers 5 

Deary 6 

Delfina 4 

Delp - 6 

Dennis 4.  5 

Denton 4 

Deseret... 6 

Dewart 1 

Dixon 4 

Dixonville 6 

Dulac 2.4 

Dundas 3 

Dundee 4 

Dunkirk _ 1 

Dunmore _ 1.2 

Ecleto . 4 

Ector 4 

Edalgo 5 

Eddy 4 

Eden. 2 

Edgington 3 

Edina 3 

Egam 2 

Elliott 3 

Ellsberry _ 3 

Emmons... 6 

Enders... 2.  4 

Erie 1 

Ernest... 1 

Esealante 6 

Escondido.. 6 

Esto... 2 

Fairview 4 

Falaya 2,  4 

Fallsburg 3 

Fay 3 

Ferron. 6 

Fiander 6 

Fincastle. 3 

Fingal 6 

Fitchville 3 

Flint 2.4 

Florence ___ 5 

Flowell.... 6 

Floyd  (plastic  till  variant) 3 

Floyd  (thin  surface  variant) 3 

Fort  Pierce. 6 

Freesoil 3 

Fremont... 1 

Frio 4 

Fulton  loam 1,3 


■1. — Hydrologic  soil  groups — Group  C — 

Area  or  areas 
Soil  reported 

Galvin _ fi 

Oara... 3 

Garwin... 3 

Garwin-like. 3 

Gem_._ 6 

Gerald.. 4 

Gilpin __  1 

Glasgow.. _ 6 

Glencoe 3 

Glenford 3 

Glenville.... 1.2 

Goessel... 5 

Goldston 4 

Gooeh 6 

Gooding 6 

Goose  Creek 6 

Gordon 6 

Gosport 3 

Grail 5 

Grantsburg 3 

Greendale.. 2.4 

Grenada.. 2.  4 

Gresham _ 1 

Groseclose 2 

Grundy 3.5 

Guelph 3 

Guernsey 1 

Hack 6 

Haig... 3 

Hansel 6 

Harley 4 

Harpster 3 

Harwood 6 

Hastings 5 

Hatchie 2 

Heath 5 

Heflin. : 4 

Helena. 2 

Helmer... 6 

Herrick.... 3 

Hesson 6 

Hockley 4 

Hollister  silt  loam  and  clay  loam 4 

Hollywood... 2 

Hosmer 3 

Houlka... 2 

Huckleberry... 6 

Hudson 1 

Hugo  silt  loam  (Oregon) 6 

Humeston 3 

Hyrum  (Idaho)  » 6 

Idana 5 

Inkom 6 

Inman _ 2 

Isabella 3 

Ivins 6 

Izagora. 2,  4 

Johnsburg 2.  4 

Josephine 6 

Jura 6 

Kasson.  thick  A;  variant 3 

Kasson-like.  nearly  level  variant 3 

Kasson-like  silt  loam.. 3 

Katy 4 

Keene  (Coshocton.  Ohio,  Station) 3 

Kelso 6 

Kendaia... 1 

Kettleman 6 

Kilchus 6 

Kings 3 

7  Group  B  in  Utah. 


Continued 

3 

Area  or  area 
Soil  reported 

Kirkham _ __  6 

Kirvin __ 2,4 

Kistler i 

Kitsap 6 

Klamath... $ 

Koster 6 

Krum __ 4 

Labette 5 

La  Luz _  4 

Lamonta... 6 

Lanark __  6 

Langford... _ __  l 

Lassen. _ 6 

Latah 6 

Laughlin... 6 

Leeper _ 2 

Lehigh... _ 1 

Leland... _ 6 

Leshe... 4 

Lewisville __  4 

Lickdale  (West  Virginia  and  Southeast!  9__  1.2 

Lima.. _.  1 

Lindley _.  3 

Lindside.. 2.3.4 

Lisbon 3 

Little  Timber 5 

Litz 1.2 

Livingston _ 1 

Lobdell _ 3 

Lockerby 6 

Logan -. 6 

Lorain 3 

Lordstown 1 

Loring 2,  4 

Los  Osos 6 

Loudon  ville ._ 3 

Lucas 1 

Lumberton... 3 

Luray. 3 

Luveme 2,4 

Macon 2 

Madalin 1 

Manassa 6 

Manastash 6 

Mansker 4 

Mantachie 2,4 

Marcus 3 

Mardin 1 

Marengo 3 

Marias 5 

Marion... 3 

Marshan 3 

Massie 3 

Mayhew. . --  4 

May  town 6 

Mazeppa 1 

McCornick 6 

McKey 6 

Medio  loamy  fine  sand * 

Meigs.  -. 1.3 

Melbourne --  6 

Melvin -  1.2.4 

Mench 1 

Mercer 2 

Meriba - * 

Metuchen 1 

Mhoon 2.4 

M  idnay •> 

Millbrook... - 3 

Miller  clay  loam  and  silt  loam * 

'  Group  D  in  Arkansas. 
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Tabu 

•r  artai 

kfunbrai  * 

Mission                                                « 

8 

• 

tfonoi  1,.',  3. 4 

levtlle  ' 

alio  2 

Ifontgomar)  3 

Mcinm.l  • 

3 

M..r..  II  i\ 

MorrW  1 

MunMIng  3 

Muskingum  '  3 

4 

lento  « 

Natcbltoebei  2 

'!  4 

k  4 

Ntw.ll  | 

Km  Para  I 

Nlinrnd  4 

Nba  4 

Nolo                                                                       .  1 

Norm  i  fi 

Norwich                                                         1 

Sunn                                     5 

OHrlin                                                3 

3 

Odessa  1 

O'F  dloo  .  3 

Okobojl  3 

Ollvlw  4 

Ohnatead                                      3 

Olympic  rluy  loiun                                     ....  6 

Omboj                                  1 

1 

Orange                                        2 

Orrrule  3 

Orwell  l 

i 

Papakatlng                                             3 

Paratppany                             1 

Passaic                                            1 

4 

Paul  • 

Peannan                                         2 

Pearson          4 

Padamalea             4 

I'ltlM                                 i   ■• 

Pershing                          3 

Petrolla                     3 

Pfwamo 3 

Pharo     6 

Phcba  2. 4 

Pilot  Rook  6 

Plnoyer  8 

6 

Pond  Creek  4 

Pottar  4 

Powell  fi 

I 

Prentlai                               2.4 

Prior  5 

Providence  2.4 

Pullman  4 

Rahway  I 

Ramona.  a 

'  Croup  B  In  areas  1.  2,  4. 

1845560      80  J'.i 


A-l. — Ilyiimtotjic  sod  group*    Group  C     Continued 


Soil 


irrilt 
rriturltd 


Kankln 

K  annua 

Rayne 
Reedmgton 

in 

Hi- 
Red  Bayou 
Redmond 
Raeanl 
Renin 
Rbtnel 
Rlohfleld 
Rlehland 
Rtohriew 
Rldgi 
RoaOan 
Rolfi 

Roamoyne 
Ruckli 


more 
Bl   Paul 
BaJknm 
Bango 

Santa 

Simla  I. una 

Beuvte 

i 

i  i\  aunah  2, 

Bawyet 
Saxon 
Scan  tic 
Befampvllla  do»-a)  "> 

'lane 
Selah 

Bequola 

Boymonr 

Bnawnet 

Bbelby  g, 

Shelmadinc 

Bhelocta 

Shiloh 
Shirley 

Shoals 

Shooks 

Shoreham 

Shubute  2. 

Bbnmaker  fi 

Surra  6 

Blmai  fi 

Sims  3 

I 

Bkanee  3 

Skumpah  fi 

Bkyfaera  I 

Blaath  3 

Snake  6 

Six  In*  I 

Southwick  fi 

Sparry  3 

Spur  4 

Btaley  a 

StandAeld  6 

Starks  3 

Btetnanar  .'> 

Bttdham  4 

Stordi'ii  clay  3 

Stough  2. 4 

Stow  bride.-  4 

Stoy  3 

Buffleld  l 

»  Oroup  I>  in  Illinois. 


Sail 


Summit 
Bum  tar 
Butharuh 

forma) 


Xrt'i  or  artat 
rtporlej 

( 

2. 


i  alladaaB 

Tarrant 

i  i>  loraflal 

Ullc 

i. 
T  hackery 
The  toner 

I  haliina 
Thnmaivillc 
Til*il 
. 
'I  i-«-h 

Tlihonimajo 

Toledo  l. 

I  onawanda 

Trappld 

'I  ra-k 

Trailer 

Troy 

Trumbull 

Tupelo 

Tuaoumbia 

Tyler  1,13, 


I'colo 
l'p*hur 

Dvada 
Uvalde 


Vail-  ■ 
Vance 

Vand 

Vein  I  . 

Vergennee 

Viati 

Vlrden 
VtaffJ 
Vohn  ■ 


k 

W'ardw.-ll 

Warm- 

Watehung 
Watervflle 

1 1 

W.-M. 

'    I 

■Hit  eomptei 
WeOcerl 
Wetnbaob 

w.-i.i 
- 

than  loam 
Weatmoroland 

i.- 

W(  j  mouth 
N  Marlon 

11  (Jrr.up  I)  in  Oregon. 


l.Z 
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Soil 

Wheelon 

Whippany 

Wilkes 

Windthorst  fine  sandy  loam. 

Wingville 

Winterset 


DESIGN  OF  SMALL  DAMS 


Table  A-l. — Hydrologic  soil  groups — Group  C — Continued 


Area  or  areas 
reported 

6 

1 

2 

4 

fi 

3 


Soil 

Wolftever 

Woodrow.. 

Woodscross 

Woodward  clay  loam.. 

Woolper.. _ 

Worsham 


Area  or  areas 
reported 

2 

6 

6 
-. 4 

2 

2 


Soil 


Area  or  areas 
reported 


Wyatt. 
Xenia. 


Zaneis  silt  loam. 

Zapata 

Zoar 


GROUP  D 


(Includes  mostly  clays  of  high  swelling  percent;  but  the  group  also    includes    some    shallow    soils    with    nearlv 

impermeable  subhorizons  near  the  surface) 


Soil 

Abbott 

Abilene  silty  clay  loam. 
Acme  silty  clay  loam... 

Airport 

Albaton. 

Alligator 

Almont 

Amo 

Arvada 

Avonburg 


Area  or  areas 
reported 


Badlands... 
Battlecreek. 
Bear  Lake.. 
Beaumont.. 
Bell 


Bellingham 

Benjaman 

Bergland 

Bernard 

Bethel 

Black  Canyon. 
Blago 


Blencoe 

Bow 

Bramwell 

Brennan  fine  sandy  loam. 

Brewer 

Brooklyn... 

Bryce 

Bude 


Calumet 

Carroll __ 

Catalpaclay... 

Cayucos 

Chamber 

Chastain 

Cherokee 

Cleveland 

Chilcott 

Chipeta 

Christian  burg. 

Churchill 

Cisne 

Clarence 

Clarinda 

Clatsop 

Clermont 

Climax. 

Colbert 

Coldwater 

Colp 

Colt 

Concord 

Condit 

Conover 


6 
4 
4 
3 
3 
4 

4 
4 
4 
6 
6 
2,4 
4.5 
4 
6 


6 
3 
3 
3 
6 
3 
6 
2.4 
3 
3 
4 
6 
3 
3 


Soil 


Cove 

Crawford  . 
Crockett.. 
Crowley.. 
Cusick 


Area  or  areas 
reported 

6 

4 

4 

4 

6 


Darwin 

Day 

Dayton 

Defiance... 
Delmita... 
Denmark.. 

Denny 

Denrock... 

DeSoto 

Diablo 

Dowellton. 
Drain 


Drummond __ _  4 

Duggins 6 

Dunning 2,4 

Duval  fine  sandy  loam  " 4 


Earl.. 

Edge 

Edna 

Ellsworth. 

Erath 

Eutaw 


Fargo 

Flora 

Foard 

Foley  (Wynne)... 

Fores  tdale 

Fulton  silty  clay. 

Garfield 

Garrett 

Gasconade 

Gay 

Gee _ 

Geiger 

Ginat 


Gore 

Grande  Ronde. 

Gunnison 

Guthrie 


Corydon 1,4 

Cou  rtney 6 


Harding 6 

Hardy 6 

Harrisburg 6 

Henneke 6 

Henry -  2.3.4 

Holcomb 6 

Hollister  silty  clay  loam 4 

Hortman 4 

Houston 2.4 

l!  Duval  fine  sandy  loam  (deep  phase)  is  in 
group  B. 


Area  or  areas 
Soil  reported 

Huey _ _         3 

Hunt __ _ 2,4 

Iredell _ ___ 2 

Irving 4 

Jacob 3 


Kaufman. 

Kent 

Kipling... 
Kirkland. 
Kopiah... 
Kosmos.. 


Lacamas 

Ladysmith. 
Lafe 


Lagonda. 

Lahonton 

Lake  Charles. 

Leaf 

Lebanon 

Le  Flore 

Lela 


Letha 

Lickdale  (Arkansas) 13. 

Lightning 

Lismas... 

Lucien 

Lufkin 

Lukin 

Luton 


Mahoning 

Manila 

McKamie.. 

Mellor 

Menefee _ 

MeskeU 

Middle 

M  iguel 

Miller  clay  and  silty  clay  loaTi. 

Milroy 

Modena 

Moenkopie 

Monee 

Montara 

Montoya 

Morse 

Mullins 


Myatt -      2.4 


Napa  (Luton)  clay  (black  alkali  phase). 

N'apanee 

N'aturita 

Navajo 

Na  vasot  a 

"  Group  C  in  Southeast. 
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Tabli  t-1.     llyitrolutjic  i») d  greupt     Group  I>     ('iiiiiinu.-<| 


Soil 

'  artai 

rtpmtti 

0 

,11 

'  at  tat 

'ltd 

4 
3 

M 

1  ..rliiiial      .... 

■  at (at 

ttllVfltd 

A 

1 

Idi  .III 

A 

3 

6 

1 

TrinlH 
1  rum!. nil 

4 

3 

K.-..I 

A 

I 
1 
3 

1    I 

3 
3 

i 

8 

Richmond 

Klli.nl 

m 

Re  .n.ik.' 

« 

Odin 

6 

|    1 

3 

V.iM.n 

1   1 

3 

4 

\  ui'l.i'l.iMon 

3 

A 

3 

4 

St    Cliur  . 

a 

« 

■ 
\ -irirm  lllwr 

3 

A 

4 
I 

A 

4 

A 

S 

1 

4 

w  >.i. 

u 

S 

S.iuinlll  Mllv  1  la] 

3 

\\   MfjWtjrtO 

4 

3 

SchlipWllr  <  IU1II..I0      > 

3 

3 

a 

I'aiiMiiu' 

3 

n\  ill.' 

A 

A 

5 

4 

4 

i. 

A 

3 

Slights 

1 

a 

4 

I'.iint 

4 

4 

in 

4 

'. 

4 

A 

IVriv 

4 

Wiiit.-  Btora 

Wlni. 

1   1 

2 

Sus.|iii'hanni> 

2.4 

5 
3 

3 

PblUlpt 

Bwaani 
Talbotl 

A 

4 

2.4 

Wllc..\ 

4 

1'likfor.l 

5 

4 

Wimr  (valley  (ill 

4 
4 

4 

4 

4 

Taylor 
Trichina. 

Tlllm  in 

3 
4 

a 

4 

A 

I'ortl  ui'l 

Wnnlitswlli- 

• 

s 

4 

4 

4 

2 
4 

3 

NMrlOc 

Y'ltK'all.l 

! 

•  ■  hroup  C  in  Inwa. 
"  Group  C  in  California. 

a 

K.fi.I 

3 

ft 

a 

3 

The  soil  namea  will  be  found  on  agricultural  soil 
maps  which  arc  available  for  a  large  portion  of 
tin-  United  States.  Section  82  discusses  the  avail- 
ability of  agricultural  soil  maps  and  surveys,  and 
the  type  of  information  that  is  shown  in  them. 
Figure  ->s  shows  the  extent  of  published  agricul- 
tural soil  mapping  in  the  United  States. 

The  array  is  based  on  the  premise  thai  soils  of 
similar  profile  characteristics  particularly  depth. 
texture,  organic  matter  content,  structure,  and 
degree  of  swelling  when  saturated)  will  respond 
in  essentially  similar  manner  under  a  long  storm 
of  appreciable  intensity.  In  making  comparisons 
it  i-  assumed  that  the  soils  have  minimum  cover 
(bare  i ;  maximum  swelling  has  taken  place;  and 
the  applied  rainfall  exceeds  potential  infill  ration. 
Since  different  types  of  infiltrometers  are  known 
to  give  different  magnitudes  of  ft*  for  the  Bame 

soil-,    it    is    necessary    to    avoid    using    data    from 

1  Minimum  inflltr.it  i..r 


diverse  techniques  of  measurement  in  developing 

the  array.  One  soil  cannot  be  placed  On  the  basis 
of  one  technique  of  measurement  and  another  soil 
placed  according  to  a  different  method.  All  types 
of  information  are  justifiably  used  in  placing  B  -oil 
in  its  proper  relative  position  among  other  Boils. 

The  measurement  of  infiltration  rates  through 
the  artificial  application  Ol  water.  a<  by  "rainfall 
simulators"  or  by  one  of  Beveral  procedures  for 
flooding  the  soil  surface  without  rain  impact,  has 
been  a  common  procedure  for  comparing  soils  "i 

the    effects   of    vegetation.      These    procedure-;    are 
valuable  for  the  n/<iiir,   comparisons  they  provide, 
but  they  arc  not  sat  isfactorj  a-  a  mean-  of  expi  • 
in<r  infiltration  rates  quantitatively. 

Extensive  comparison-  under  well  replicated 
and  controlled  conditions  show: 

(1)  Rainfall  simulators  providing  rainfall 
impact  and  turbidity  of  surface  water  give 
lower  rates  for  the  same  soils  ami  vegetation 
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than  do  flooding  types.  (Thus  types  F  and 
FA  infiltrometers  give  lower  rates  than  do 
tubes  or  rings.) 

(2)  Infiltrometers  of  larger  ground  area 
give  lower  rates  than  do  those  covering  a 
smaller  area  where  the  proportion  of  border 
effects  is  greater. 

(3)  Generally,  infiltrometers  also  tend  to 
give  larger  rates  than  those  derived  from 
watersheds. 

Conversion  factors  for  adjusting  the  results  from 
different  techniques  to  an  equivalent  base  have 
been  found  to  be  impractical. 

To  overcome  these  difficulties,  use  is  made  of 
the  extensive  knowledge  of  soil  profile  character- 
istics possessed  by  the  soil  scientists.  On  this 
basis  the  major  soils  of  the  country  are  placed  in 
an  array,  certain  members  of  which  already  have 
been  rated  by  watershed  studies. 

When  the  major  soils  of  the  United  States  are 
arranged  in  proper  relative  order,  the  range  of  jc 
will  begin  with  tight  clays — essentially  zero  rates 
under  these  conditions — and  extend  to  the  maxi- 
mum rates  of  deep,  well-aggregated  silts  or  to 
those  of  the  deep  sands  such  as  are  found  in  sand- 
hill areas. 

The  curve  of  the  array  is  essentially  that  of 
figure  A-l .  A  possible  normal  range  of  variation 
due  to  variation  within  a  given  soil  by  depth, 
structure,  or  texture  is  expressed  by  the  dash 
line — 25  percent  above  and  25  percent  below  the 
mean.  The  mean  is  indicated  by  the  heavy  line. 
On  this  curve  a  number  of  points  have  already 
been  established  and  additional  ones  will  be  forth- 
coming from  evaluation  of  watersheds,  analyses 
of  existing  research  data,  and  new  experimental 
work.  Thus  the  magnitude  of  the  curve  can  be 
fixed  on  the  basis  of  minimum  watershed  per- 
formance. The  problem  of  converting  different 
kinds  of  infiltrometer  data  to  a  watershed  basis 
is  thus  solved. 

It  is  clear  that  the  curve  presenting  this  array 
of  United  States  soils  can  be  regarded  as  a  base 
or  "floor"  upon  which  may  be  superimposed  the 
effects,  for  example,  of  lesser  soil  moisture,  varying 
kinds  of  vegetation,  and  the  accumulation  with 
time  of  organic  matter  derived  from  better  vege- 
tation. Supplementary  information  on  the  diver- 
gent effects  of  soil  moisture  on  sands,  clays,  or 
laterites,  of  the  aggregating  effects  of  organic 
matter  on  these  different  kinds  of  soil,  and  the 


resultant  effect  on  infiltration,  will  aid  in  the 
practical  application  of  the  basic  soils  rating. 

The  major  soils  in  each  of  four  hydrologic 
groups  are  listed  in  table  A-l.  The  area  or  areas 
in  which  each  has  been  reported  are  indicated 
by  the  numeral  or  numerals  following  each  soil 
name  and  which  are  keyed  to  the  map,  figure  A-2. 

Acknowledgments  are  due  the  numerous  soil 
scientists  and  soil  correlators  who  have  so  freely 
provided  basic  information  on  the  physical  prop- 
erties of  these  soil  profiles.  It  is  their  detailed 
knowledge  that  has  made  possible  this  array  of 
about  2,000  major  soils  of  the  continental  United 
States. 

A-3.  Land  Use  and  Treatment  Classes. — (a) 
Purpose. — These  classes  are  used  in  the  prepara- 
tion of  hydrologic  soil-cover  complexes  (sec.  A-4), 
which  in  turn  are  used  in  estimating  direct  runoff. 
Types  of  land  use  and  treatment  are  classified  on 
a  flood  runoff-producing  basis.  The  greater  the 
ability  of  a  given  land  use  or  treatment  to  increase 
total  retention,  the  lower  it  is  on  a  flood  runoff- 
production  scale.  Land  use  or  treatment  types 
not  described  here  may  be  classified  by  interpola- 
tion, as  discussed  in  section  A-4. 

(b)  Crop  Rotations. — The  sequence  of  crops  on 
a  watershed  must  be  evaluated  on  the  basis  of  its 
hydrologic  effects.  Rotations  range  from  poor 
(or  weak)  to  good  (or  strong)  largely  in  proportion 
to  the  amount  of  dense  vegetation  in  the  rotation. 
Poor  rotations  are  those  in  which  a  row  crop  or 
small  grain  is  planted  in  the  same  field  year  after 
year.  A  poor  rotation  may  combine  row  crops, 
small  grains,  or  fallow,  in  various  ways.  Good 
rotations  will  contain  alfalfa  or  other  close-seeded 
legumes  or  grasses,  to  improve  tilth  and  increase 
infiltration.  For  example,  a  2-year  rotation  of 
wheat  and  fallow  may  be  a  good  rotation  for  crop 
production  where  low  annual  rainfall  is  a  limiting 
factor,  but  hydrologically  it  is  a  poor  rotation. 

(c)  Native  Pasture  and  Range. — Three  conditions 
are  used,  based  on  hydrologic  considerations,  not 
on  forage  production.  Poor  pasture  or  range  is 
heavily  grazed,  has  no  mulch,  or  has  plant  cover 
on  less  than  about  50  percent  of  the  area.  Fair 
pasture  or  range  has  between  about  50  and  75 
percent  of  the  area  with  plant  cover  and  is  not 
heavily  grazed.  Good  pasture  or  range  has  more 
than  about  75  percent  of  the  area  with  plant  cover, 
and  is  lightly  grazed. 

(d)  Farm  Woodlots. — The  classes  are  based  on 
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HUi 


U  -  Group  C   •    •  >-H  Group  D  •        »- 


Figure  A-1.      Relative  infiltration  rates  of  hydrologic  soil  groups.      (U.S.  Soil  Conservation  Service.) 


Circled  numbers  indicate 
U.S.  subdivisions  used  in 
the  soil  arroy.toble    A-  I 


Figure  A-2.      Index  map  to  location  of  major  soil  groups  listed  in  table  A-1.      (U.S.  Soil  Conservation  Service.) 
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hydrologic  factors,  not  on  timber  production. 
Poor  woodlots  are  heavily  grazed  and  regularly 
burned  in  a  manner  that  destroys  litter,  small 
trees,  and  brush.  Fair  woodlots  are  grazed  but 
not  burned.  These  woodlots  may  have  some 
litter,  but  usually  these  woods  are  not  protected. 
Good  woodlots  are  protected  from  grazing  so  that 
litter  and  shrubs  cover  the  soil. 

(e)  Commercial  Forest. — The  hydrologic  con- 
dition classes  are  determined  on  the  basis  of  depth 
and  quality  of  litter,  humus,  and  compactness  of 
humus.  The  U.S.  Forest  Service  procedure  for 
determining  the  classes  is  given  in  section  A-4. 

(f)  Miscellaneous. — Usually  only  very  small 
parts  of  a  watershed  are  in  farmsteads,  roads,  and 
urban  areas.  When  this  is  so,  the  areas  may  be 
included  with  one  of  the  other  land  use  cover  types 
(such  as  fallow  or  small  grain)  in  the  computation 
of  runoff  (see  sec .  A-4) . 

Provision  is  made  in  table  A-2  (sec.  A-4)  for 
farmsteads  and  roads.  These  land  uses  are  gen- 
eralized, since  they  vary  so  much.  Where  it  is 
necessary  to  work  with  more  detail  (as  sometimes 
in  a  very  small  watershed,  or  with  superhighway, 
airport,  or  urban  areas)  the  impervious  areas  are 
considered  an  individual  class  with  100  percent 
runoff,  and  the  remaining  land  uses  are  handled 
as  usual  (see  sec.  A-4). 

(g)  Straight-Row  Farming. — This  class  includes 
up-and-down  and  cross-slope  farming  in  straight 
rows.  In  areas  of  1  or  2  percent  slope,  cross-slope 
farming  in  straight  rows  is  almost  the  same  as 
contour  farming.  Where  the  proportion  of  cross- 
slope  farming  is  believed  to  be  significant,  it  may 
be  classed  halfway  between  straight-row  and  con- 
tour farming  in  the  table  A-2. 

(h)  Contouring. — Contour  furrows  used  with 
small  grains  and  legumes  are  made  while  planting, 
are  generally  small,  and  tend  to  disappear  due  to 
climatic  action.  Contour  furrows,  and  beds  on 
the  contour,  as  used  with  row  crops  are  generally 
large.  They  may  be  made  in  planting  and  later 
reduced  in  size  by  cultivation,  or  they  may  be 
insignificant  after  planting  and  become  large  from 
cultivation.  Average  conditions  are  used  in 
table  A-2. 

Surface  runoff  reductions  due  to  contour  farm- 
ing are  greater  as  land  slopes  decrease.  The 
curve  numbers  for  contouring  shown  in  table  A-2 
were  obtained  using  data  from  experimental  water- 
sheds having  slopes  of  3  to  8  percent. 


Contour  furrows  in  pasture  or  range  land  are 
usually  of  the  permanent  type.  Their  dimensions 
and  spacing  generally  vary  with  climate  and 
topography.  Table  A-2  considers  average  con- 
ditions in  the  Great  Plains. 

(i)  Terracing. — Terraces  may  be  graded,  open- 
end  level,  or  closed-end  level.  The  effects  of 
graded  and  open-end  level  terraces  are  considered 
in  table  A-2,  and  the  effects  of  both  contouring 
and  the  grass  waterway  outlets  are  included. 

Table  A-2. — Runoff  curve  numbers  for  hydrologic  soil-cover 
complexes 

[FOR  WATERSHED  CONDITION"  II,  AND  I„=0.2  S]» 


Land  use  or  cover 

Treat- 
ment or 
pract  ice 

Hydrologic 
condition  for 
infiltrating 

Hydrologic  soil  group 

A 

B 

C 

D 

Fallow . 

SR 

SR 
SR 
C 

c 

C*T 
C<fcT 

SR 

SR 

C 

C 
C*T 
C4T 

SR 
SR 
C 

c 

C*T 
C*T 

77 

72 
67 
70 
65 
66 
62 

65 
63 
63 
61 
61 
59 

66 
58 
64 
55 
63 
51 

68 
49 
39 
47 
25 
6 

30 

45 
36 
25 

59 

72 

74 

86 

81 
78 
79 
75 
74 
71 

76 
75 
74 
73 
72 
70 

77 
72 
75 
69 
73 
67 

79 
69 
61 
67 
59 
35 

58 

66 
60 
55 

74 

82 
84 

91 

88 
85 
84 
82 
80 
78 

84 
83 
82 
81 
79 
78 

85 
81 
83 
78 
80 
76 

86 
79 
74 
81 
75 
70 

71 

77 
73 
70 

82 

87 
90 

94 

Row  crops         

Poor 

91 

Good 

89 

Poor 

88 

Good 

86 

Poor 

82 

Good 

81 

Small  grain.     .... 

Poor 

^ 

Good 

87 

Poor . 

85 

Good _  . 

84 

Poor 

82 

Good 

81 

Close-seeded 

Poor . 

89 

legumes  '  or 

Good 

85 

Poor . 

85 

Good 

83 

Poor.. 

83 

Good. 

80 

Poor 

89 

C 
C 
C 

Fair 

84 

Good 

80 

Toor . 

88 

Fair 

83 

Good 

79 

do 

78 

(permanent). 

Poor . 

83 

Fair .  . 

79 

Good . 

;; 

86 

Roads  (dirt)*  (hard 

89 

surface).2 

92 

1  Close-drilled  or  broadcast. 
:  Including  right-of-way. 
3  See  sec.  A-5. 
SR  =  Straight  row. 

C  =  Contoured. 

T  =  Terraced. 
C<£T  =  Contoured  and  terraced. 


(U.8.  Soil  Conservation  Service.) 
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Closed-end    level    terraces   should    be   handled 
lik.-  contour  furron  i 

A-4.    HydrologicSoil-CoverComplexes.       (ft)    I'ur- 

pose,  Table  A  2  combines  soil  groups  and  land 
use  ami  treatment  classes  mto  hydrologie  toil-cover 
complexes  The  numbers  show  the  relative  value 
of  the  complexes  as  direct  runoff-producers  (see 
The  higher  the  number,  the  greater 
the  amount  of  direct  runoff  to  be  expected  from  ■ 

storm 

(hi   Tnhli  A  9.    The  table  was  prepared  using 
data  from  gaged  watersheds  with  known  soils  and 

COVer       Storm    rainfall    was    plotted    versus   direct 
runoff    for    annual     Hoods    and    oilier    significant 

floods.      The  curve  <>f  figure  A   I  best  fitting  the 
plotted    points   was   determined,    and    its   number 

was  used   to  obtain  an  average  curve  number 

II  curve    for  table  A  2      Related  numbers  for 

above-average  (Ill-curve)  and  below-average  (I- 

curve)  points  were  similarly  developed. 

Curve  numbers  for  several  soil-cover  complexes 

were  estimated  or  computed  from  relations  devel- 
oped   in    the    work,    since    actual    hydrologic   data 

were  not  available  for  all  given  complexes 

(c)  Forest  Serviet  Procedure.     Table  A  'A  shows 
curve    numbers   developed    by    the    U.S.    Forest 

Service       These   numbers  are   used    in    hydrologic 
evaluations    of    commercial     or     national     forest. 
Figure   A  3   gives   a    nomograph    by   which    the 
hydrologic  condition  class  of  forest    is  estimated. 
The  following  definitions  are  use, I  with  figure  A  3. 
I  I      Litter.      This  includes  the  fermentation 
layer.      It     consists    of     undecomposed     dead 
vegetal     material     including     grasses,     for  be, 
leaves,  needles,  twigs,  hark,  etc.      It  varies  in 
depth  with  Beason,  being  thinnest  in  the  late 
winter.      The    fermentation    or    I''    layer   con- 
sists  <>f    partly    decomposed    litter,    with    the 
origin  still  recognizable. 

HumtU.      This    includes    either    the    II 
layer    of    rnor    (also    known    as    duff   or    raw 
humus),    or    the    A    layer    (otherwise    called 
mull),    in    which    the    organic    matter    is    in- 
corporated in  the  mineral  soil. 
When   the  condition  class  is  obtained  on  figure 
V    '>.   it    is  used  only  with   part    1   of  table  A  3. 
Part   II  of  that  table  gives  tentative  special  value-, 
prepared  by  the  Forest   Service  for  certain  forest- 
range  areas  in  the  western  United  States 

(d)  Determination  of  Cum  Numbers  for  Mixed 
Areas     Table  A  4  bIiowb  the  process  by  which  a 


Tails  \  'A      Runoff  eurm  numb*r$  for  kydrolofie  uoil-i 
eomp 

l    COMMERCIAL  OR  NATIONAL  FOR]  BIO 

Dl  I  l"\   II     Wl>  I. 


II  \i                            1  lli.li  rlw 

^ 

H 

D 

I    Poor**) 

M 

N 

vi 

II    Poof 

«6 

IW 

- 

III     M.'.liinn 

M 

.. 

76 

I\      Qood 

M 

•■-■ 

68 

\      II.  -I 

II 

M 

a 

II    rORESI   HANOI     tREAl    in    WESTERN    UNITED    STATES, 

Hill     w  \  i  i-  RSH  I- M>l  I  ION     III.     *M>     I. 


i  '..u.llllon 

poop* 

A 

H 

1 

D 

Poof 

VII 

M 

n 

n 

M 
55 

•»' 
K 
50 

n 

73 
H 

M 

n 

M 
80 

aa 

H 

73 

n 

n 

M 

:: 

87 

M 

Sagebrush 

I'.Hir 

K.iir 

Oood 

Oak  Upen 

Oood 

Poor 

1-  .nr 

(Noli-  Ihut  llii-  tabic  is  for  condition  III  i 

(Dot*  Supplied  b)  IS    Kon-st  Service,  June  1886,  to  U.S   Soil  l'. Mutton 

Sen  k 

weighted  soil-cover  complex  number  is  obtained 

for    areas     having    several    soil-cover    coinplc- 
The    example    area    is    in    a    B    soil-    group       The 
weighted  number  can  he  more  easily  obtained  by 
accumulative  multiplication  on  a  calculator. 

Tahi.k     \     I        Sample  computation,   weighting  of  hydrologir 
toU-eover  complex  numbert 


Complex 

Carre 

numlx  r 

Percent 
ol  area 

\umt>cr 
times 

■ 

Row  crop.  stralRht  row,  good  rotation 

> .  pennanenl 

> 
08 

*» 

56  2 
37  S 

6  3 

2.588 
365 

1  ,.i  ii 

100 

7.337 

7  337 
Weighted  numlier-—— --73.37 

Round-on*  to  7.1 
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A-5.    Estimation  of  Direct  Runoff  From  Rainfall. 

(a i  Oeneral.     The  method  uses  three  variables  m 
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LEGEND 

EXAMPLE 

L-Litter  depth 

Given; 

A—  Litter  before  compaction 

L  =  0.9"  (before  compaction) 

B-  Litter  ofter  compaction 

H  =  3.2" 

H-  Humus  depth 

C=3.0 

HC-  Hydrologic  condition  class- 

C-  Compactness 

Solution: 

F-Frozen,  refers  to 
"concrete"frost. 

1.  Draw  line  (T)  connecting 
L  =  0.9  and   H=3.2. 

1  -Compact,  tight 
2-Moderately  compact 

2. Draw  line  (2)  connecting 
intersection  of  line(T)ond 

3- Loose,  not  compact, 

0  scale,  ond   C  =  3. 

friable. 

3. On  HC  scale, read  HC-I2 

0-  Turning  axis 

REFERENCE 

Morey,  H.F,  Alignment  chart; 
Forest  Service,  April  21,1955. 

Figure  A-3.     Chart  for  determining  hydraulic  condition  of  forest 
and  woodland.     (U.S.  Soil  Conservation  Service.) 

estimating   runoff:   rainfall,    antecedent   moisture 
condition,  and  the  hydrologic  soil-cover  complex, 
(b)   Runoff  Equation. — The  curves  of  figure  A-4 
are  obtained  using  the  equation: 

(P-0.2S)2 


Q- 


P+0.8S 


(1) 


where : 

Q=direct  runoff,  in  inches 

P  =  storm  rainfall,  in  inches,  and 

S'=maximum  potential  difference  between  P 
and  Q,  in  inches,  at  time  of  storm's 
beginning. 

Equation    (1)    is  derived   by  starting  with   the 
proportion : 

p-Q   Q 

s      P 


DESIGN  OF  SMALL  DAMS 

P-Q  . 
where       ~      ls  visualized   as   the  ratio  of  actual 

to  potential  difference  between  P  and  Q,  and  p  is 

visualized  as  the  ratio  of  actual  to  potential  runoff. 
Solving  for  Q  gives: 

P2 


Q= 


p+s 


(3) 


Equation  (3)  is  useful  under  conditions  where 
there  is  a  possibility  of  runoff  whenever  there  is 
rainfall.  For  the  condition  that  Q  =  0  at  a  value 
of  P  greater  than  zero,  use  of  an  initial  abstraction, 
Ia,  is  required  (see  the  diagram  on  fig.  A-4). 
With  the  condition  that  Ia  cannot  be  greater  than 
P,  equation  (2)  then  becomes: 


(P-Ia)-Q_ 


Q 


S 
And  solving  for  Q  gives: 
(P- 


Q= 


(P-h) 


■/.)' 


(P-Ia  +  S) 


(4) 


(5) 


(2) 


Since  S  includes  Ia,  an  empirical  relation  between 
the  variables  can  be  developed  to  simplify  equa- 
tion (5).  Data  from  watersheds  in  various  parts 
of  the  country  give: 

7«  =  0.2  S  (6) 

Substituting  (0.2S)  for  Ia  in  equation  (5)  gives 
equation  (1). 

Equation  (5)  can  be  further  expanded  to  recog- 
nize other  given  conditions  or  factors.  However, 
such  expansions  in  themselves  do  not  mean  greater 
accuracy  in  runoff  estimating,  since  this  would 
require  that  the  terms  expressing  additional  factors 
be  of  a  high  order  of  accuracj7. 

(c)  Significance  of  S. — Plottings  of  direct  runoff, 
Q,  versus  storm  rainfall,  P,  on  natural  watersheds 
show  that  Q  approaches  P  as  P  continues  to  in- 
crease in  the  storm.  The  same  data  show  that 
(P—Q)  approaches  a  constant  as  P  continues  to 
increase.  The  quantities  can  be  shown  together 
as  in  equation  (2),  above,  and  it  is  apparent  that 
the  constant  S  is  the  maximum  difference  (P—Q) 
that  could  occur  for  the  given  storm  and  watershed 
conditions.  The  proportion  can  be  made  more 
complex  (as  discussed  above),  but  not  all  the  ad- 
ditional factors  can  be  related  to  S. 

The  variable  S  is  therefore  a  maximum  potential 
(P—Q).     During  a  storm,  the  actual  (P—Q)  that 
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occurs  is  limited  by  either  Boil-water  Btorage  or  an 
infiltration  rate  as  /'  increases.  The  maximum 
potential  /'  (?)  or  St  therefore,  is  dependent  on 
•oil-water  Btorage  and  the  infiltration  rates  of 
■  watershed. 

id  i  Significanct  oj  I,  The  insert  <>n  figure 
A  i  shows  that  /.,  is  equal  to  the  rainfall  that 
occurs  before  runoff  starts  Physically,  /,  oon- 
sjats  principally  of  interception,  infiltration,  and 
surface  Btorage.  Equation  (6),  which  relates 
/„  to  S,  is  based  on  data  from  large  and  small 
watersheds  in  various  parts  of  the  country. 
Further  refinement  of  equation  (6)  is  not  recom- 
mended,  since   the  data    needed    to   break    /„   into 

components  of  interception,  infiltration,  and  sur- 
face Storage  are  seldom  available  on  a  watershed 
basis  For  the  same  reason,  adjustment  of  the 
coefficient  0.2  in  equation  (6)  is  not  recommended. 

System    >>(    Cunt    Numbering.     For    con- 


( 'urve  number 


venience  in  interpolation,  the  curves  of  figure  A  4 
are  numbered  from   i(,,i  to  sera     The  numbers 

air  related  to  ,S'  as  follow  - 

I. 

lo    s 

A  curve  for  the  case  /.,     0,  equatioi  -  dis- 

placed to  the  right  for  tin-  . sase  /  0  2S  equation 
(  1 1.  by  t he  amount  of  0  2<S  Therefore,  t he  cun  e 
numbers  given  in  table  A  2  should  be  used  only 
u  it  h  figure  A   1  or  w  it  h  equation  1 1 

The     amount      of 
rainfall  in  s  period  of  5  to  •'<<•  days  preceding  s 

particular  Storm  is  referred  to  SS  antecedent  rain- 
fall, and  the  resulting  condition  of  the  watershed 
in  regard  to  potential  runoff  is  referred  to  as  an 

antecedent  condition.      In  general,  the  heavier  the 

antecedent   rainfall,  the  greater  the  direct  runoff 

that    occurs   from   a   given   storm       The   effects   of 

infiltration    and    evapo-l  ranspirat  ion    during    the 


(P  _  0  2S) 
Figure  A-4.      Solution  of  runoff  equation,  Q  =     p -L  0  8S  (Sheet  1   of  2.)     (U.S.  Soil  Con»ervation  Service.) 
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Figure  A-4. 


(P  —  0.2S)2 
Solution  of  runoff  equation,  Q= — p   ■   p  pc 


P  =  8  to  40  inches 
Q=0.  to  40  inches 


antecedent  period  are  also  important,  as  they  may 
increase  or  lessen  the  effect  of  antecedent  rainfall. 
Because  of  the  difficulties  of  determining  ante- 
cedent storm  conditions  from  data  normally  avail- 
able, the  conditions  are  reduced  to  the  following 
three  cases: 


(Sheet  2  of  2.)     (U.S.  Soil  Conservation  Service.) 

Condition  I. — A  condition  of  watershed 
soils  where  the  soils  are  dry  but  not  to  the 
wilting  point,  and  when  satisfactory  plowing 
or  cultivation  takes  place.  (This  condition  is 
not  considered  applicable  to  the  design  flood 
computation  methods  presented  in  this  text.) 
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it  Ion  Service  I 


dition  II  The  average  case  for  annual 
tlou'ls.  thai  is,  an  average  of  the  condition* 
which  have  preceded  the  occurrence  <»f  the 
maximum  annual  Hood  mi  numerous  water- 
shed! 

Condition    III      When    heavj    rainfall   or 
light    rainfall    and    low    temperatures    bave 
occurred  during  the  •"»  dayi  previous  to  the 
gives  itorm,  and  the  >"il  is  nearly  saturated. 
The  numbers  on  table  A  2  and  table  A  3A  are 
for  the  average  watershed  condition,  condition  II 
The  numbers  on  table  A  3B  are  for  the  nearly 
saturated  condition,  condition  III.     Curve  num- 
bers  for  one   antecedent    condition    ma\    he   con- 
verted to  a  different  antecedent  condition  by  the 
USe  of  table  A    •">       Por  example,  the  computation 
given  in  table  A   4  results  in  a  condition  II  curve 
number  of  73.     The  corresponding  curve  numbers 
for  condition  I  and  condition  III  can  be  obtained 
from  columns  2  and  .1  of  table  A  .">.  by  interpola- 
tion.     The    curve    numbers    for    condition    I    and 
condition  III  are  55  and  89,  respectively. 
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Hydraulic  Computations 

C.  J.  HOFFMAN  AND  J.  M    LARA  ' 


A.     HYDRAULIC  FORMULAS 


B-1 .  Lists  of  Symbols  and  Conversion  Factors. 
The  following  list  includes  symbols  used  in  hy- 
draulic formulas  given  in  chapters  \  III  and  IX 
and  in  tins  appendix.  Standard  mathematical 
Dotations  and  Bymbols  having  only  very  limited 
applications  have  been  omitted. 


Symbol 


a, 

B 

b 

r 
r„ 

r. 

D 


d, 

4. 

•I, 


Dtteripllen 

An  area;  area  ol  a  surface;  cross-sectional 
area  of  flow  In  an  open  channel;  n 

sectional  area  of  a  closed  conduit 
( !ro^>  ana  of  a  trashracl 
Net  area  of  a  t  ra~hrack 
Width  of  a  siphon  throat 
Bottom  w  idtfa  of  a  channel 
A  coetlicient ;  coefficient  of  discharge 
Coefficient  of  disoharge  through  an  orifico 
Coellicient    of    discharge    for    an    ogee    crest 

with  inclined  upstream  face 

Coefficient  of  discharge  for  a  nappe-shaped 
ogee  ereal  designed  for  an  //„  head 

Coellicient    of   discharge    for    a    partly    sub- 

merged  ores! 

Diameter;    conduit    diameter;    height    of    a 

rectangular  conduit  or  passage*  ay ;  height 

of  a  square  orifice 
"Drop  number"  parameter  for  defining  the 
dimensions  <>f  a  straight  drop  spillway, 

*-& 

Depth  of  How   iii   an  open   channel;  height 

of  an  orifice  or  irate  opening 
Critical  depth 
Depth    of    the    pool    under    a    free    overfall 

nappe 

Depth    for    high    (subcritical)    flow    Btage 

alternate  to  it,  i 
Height    of    a   hydraulic  jump    (difference    in 
the  conjugate  depths 

Depth   for   low    (supercritical)    flow    stage 

alternate  to  -/„  > 


Symbol 

d, 

•t, 

l 


F, 

f 


II 
//, 

lta 

//l 

II: 
h 

ha 
hk 
h. 


1  Kncinivr.  Spillway  and  outl.t  \v,,rk-  BeeUon,  ml  Bngtnaar,  Sf.iimrnta- 

D  0<  K<  <  I  mi  iIlkii 


Dtteription 
Mian   depth  of  flow 

Critical  mean  depth 

Depth  of  flow  measured  normal  to  channel 
bottom 

Depth  of  scour  below  tailwater  in  a  plunge 

pool 

Depth  of  flow  in  a  chute  at  tailwater  level 

Energy 

Energy  of  ■  particle  of  mass 

Fronde  number  parameter  for  defining  flow 

i 
conditions  in  a  channel,  F  =  —j= 

y/gd 

Fronde   number  parameter  for  flow   in  a 

chute  at  the  tailwater  level 

Friction     loss     coefficient     in     the     Darcy. 

}L  v1 

Weisbach  formula,  hf=jr  s~ 

I)  2g 

Drop  in  water  surface  level  iii  a  reach  of  a 
natural  channel 

Acceleration  due  to  the  force  of  gravity 

Head  over  a  cre>t  ;  head  on  center  of  an  ori- 
fice opening;  head  on  the  bottom  of  a 
culvert  entrance;  head  difference  at  a 
gate  (between  the  upstream  and  down- 
stream water  surface  levels 

Absolute  head  above  a  datum  plane,  in 
channel  flow 

Probable  minimum  atmospheric  pressure  at 
the  site  under  consideration 

Head  above  a  section  in  the  transition  oi  a 

drop  inlet  spillway 
Head   measured   to   bottom   of   an   orifice 

opening 
Head  measured  to  top  of  an  orifice  opening 
Head;  height   oi   baflle  block;  height  of  end 

sill 

Approach  velocity  head 

Head  loss  due  to  bend 

Ibad  loss  due  to  contraction 

Head  from  reservoir  water  surface  to  water 

surface    at    a    given    point    in    the    down- 

~t  ream  channel 
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Symbol 


HE 
BEc 

Hr 

he 
htx 

hf 
\hf 
K 
kL 

AhL 
X(AhL) 

H0 
h„ 


hr 

H, 
h, 

hs 
ha  a 

H t 


ht 
hv 
h  , 

h"s 
hV[ 
K 

k 

Ka 

Kb 


Kex 

Kt 

KL 

Kr 

Kr 

K, 
Kv 


Description 

Difference  in  water  surface  level,  measured 
from  reservoir  water  surface  to  the  down- 
stream channel  water  surface 
Specific  energy  head 
Specific  energy  head  at  critical  flow 
Total  head  on  a  crest,  including  velocity  of 

approach 
Head  loss  due  to  entrance 
Head  loss  due  to  expansion 
Head  loss  due  to  friction 
Incremental  head  loss  due  to  friction 
Head  loss  due  to  gates  or  valves 
Head  losses  from  all  causes 
Sum  of  head  losses  upstream  from  a  section 
Incremental  head  loss  from  all  causes 
Sum   of  incremental   head   losses   from   all 

causes 
Design  head  over  ogee  crest 
Head  measured  from  the  crest  of  an  ogee  to 
the    reservoir    surface    immediately    up- 
stream,   not    including    the    velocity    of 
approach   (crest  shaped  for  design  head 
H0) 
Reduction    ol    pressure    head   due   to   inlet 

contraction 
Total  head  over  a  sharp-crested  weir 
Head   over   a   sharp-crested   weir,    not   in- 
cluding velocity  of  approach 
Priming  head  on  a  siphon  spillway 
Subatmospheric  pressure  head 
Total  head  from  reservoir  water  surface  to 
tailwater,  or  to  center  of  outlet  of  a  free- 
discharging  pipe 
Head  loss  due  to  trashrack 
Velocity  head;  head  loss  due  to  exit 
Critical  velocity  head 

Velocity  head  at  throat  of  siphon  spillway 
Velocity  head  at  tailwater  level 
A  constant  factor  for  various  equations;  a 

coefficient 
A  constant 

Abutment  contraction  coefficient 
Bend  loss  coefficient 
Contraction  loss  coefficient 
Conveyance  capacity  factor  in  the  Manning 
formula, 


K„= 


1.486 


Entrance  loss  coefficient 

Expansion  loss  coefficient 

Gate  or  valve  loss  coefficient 

A  summary   loss  coefficient  for  losses  due 

to  all  causes 
Pier  contraction  coefficient 
Coefficient    of    pressure    reduction    due    to 

inlet  contraction 
Trashrack  loss  coefficient 
Velocity  head  loss  coefficient 


Symbol 
L 


Li,  Lu,  Ljij 


L' 
Lb 


LG 
Lm 


M 

Md 
Mu 
AM 

m 

N 


Q 

AQ 


Q, 
Qo 
R 


R„ 

Rr 


Description 
Length;  length  of  a  channel  or  a  pipe;  ef- 
fective   length    of    a    crest;    length   of   a 
hydraulic  jump;  length  of  a  stilling  basin; 
length  of  a  transition 
Incremental    length;    incremental    channel 

length 
Stilling  basin  lengths  for  different  hydraulic 

jump  stilling  basins 
Net  length  of  a  crest 

Length  of  a  basin  for  a  straight  drop  spill- 
way ;  length  of  a  slotted  grating  dissipator 
basin 
Distance  from  the  upstream  face  of  an  over- 
flow weir  to  the  start  of  a  hydraulic  jump 
in  a  straight  drop  spillway  stilling  basin 
Length  of  a  slotted  grating  dissipator 
Length  of  a  meandering  reach  in  a  natural 

channel 
Distance  from  the  upstream  face  of  an  over- 
flow weir  to  the  point  of  impingement  on 
the  basin  floor  of  a  straight  drop  spillway 
Length   of   a   straight   reach    in    a   natural 

channel 
Momentum 

Momentum  in  a  downstream  section 
Momentum  in  an  upstream  section 
Difference  in  momentum  between  successive 

sections 
Mass 

Number    of    piers    on    an    overflow    crest; 
number  ot  slots  in  a  slotted  grating  dis- 
sipator 
Exponential  constant  used  in  equation  for 
defining     crest     shapes;     coefficient     of 
roughness  in  the  Manning  equation 
Approach  height  of  an  ogee  weir;  hydro- 
static  pressure   of   a   water   prism   cross 
section 
Unit     pressure     intensity;     unit     dynamic 
pressure    on    a    spillway    floor;    wetted 
perimeter  of  a  channel  or  conduit  cross 
section 
Discharge;  volume  rate  of  flow 
Incremental  change  in  rate  of  discharge 
Unit  discharge 
Critical  discharge 

Critical  discharge  per  unit  of  width 
Average  rate  of  inflow 
Average  rate  of  outflow 
Radius;    radius    of    a    cross    section;    crest 
profile  radius;  vertical  radius  of  curvature 
of  the  channel  floor  profile;  radius  of  a 
terminal  bucket  profile 
Hydraulic     radius;     radius     of     abutment 
rounding;  radius  of  rounding  of  a  culvert 
inlet  opening 
Radius  of  a  bend  in  a  channel  or  pipe 
Radius  of  curvature  at  the  crest  of  a  siphon 
throat 
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R. 


AS 


T 

l 

±t 

T, 

T  II 

V 


A' 


II 

I/' 


t. 


Ay 


/•him 

Radius  of  eurvature  at  the  Biimmil  of  a 
>i|ilinii  throat;  radiui  <>f  :i  oiroular  ■- hurp- 
crested  weir 

[ncremenl  of  storage 

Priotion  slope  in   the    Manning  equation; 

■pacing 
Slope  of  the  channel  •!«  •« >r.  in  profile 
Slope  of  the  water  surf 
Tailwater  depth;  width  at  the  water  surface 

in  a  cross  section  i>f  an  open  channel 
Limiting  maximum  tailwater  depth 
Limiting  minimum  tailwater  depth 
Time 

[ncremenl  of  time 
Tailw  ater  sweep-oul  depl  li 
Tailwater;  tailwater  depth 
A  parameter  for  defining  flow  conditions  in 

a  oloeed  «  aterwaj    ' 

\[il> 
Velocity 

Incremental  change  in  velocit  j 
Velocit}  of  approach 

( 'ritical  \  elocit) 

Velocity  a1  the  creel  of  ■  siphon  throal 
Velocity  of  How  in  a  channel  nr  chute,  al 

tailwater  depth 
Weighl  of  :i  mas-;  width  <>f  a  siiiiiim  basin 
I'nii   weighl  of  water;  width  of  a  culvert 
entrance;  width  of  a  slot   for  a  slotted 
grating  dissipator;   width  of  chute  and 

baffle  blocks  in  a  stilliim  basin 
A  coordinate  for  defining  a  creel  profile;  a 

coordinate  for  defining  a  channel  profile; 

a     coordinate     for    defining    a    conduit 

entrance 
[ncremenl  of  length 
Horizontal  distance  from   the  break  point, 

on  the  upstream  face  of  an  ogee  crest,  to 

the  apex  of  the  crest 

Horizontal  distance  from  the  vertical  up- 
stream face  of  a  circular  sharp-crested 
weir  to  the  apex  of  the  undernappe  of  the 
overflow  sheel 

Dmp  distance  measured  from  the  creel  of 
the  overflow  to  the  basin  Hour,  for  a  free 
overfall  spillwav 

A  coordinate  for  defining  a  crest  profile,  a 
coordinate  for  defining  a  channel  profile; 
a  coordinate  for  defining  a  conduit 
enl ranee 

Depth  from  water  surface  to  the  center  of 
ura\  itj  of  a  water  prism  cross  section 

Difference  in  elevation  of  the  water  surface 

profile  between   successive   sections   iii   a 
side  channel  trough 
Vertical  distance  from   the  break   point,  on 
the  upstream  face  of  an  ogee  crest,  to  the 
apei  of  tin-  creel 


>i. 


/ 
W. 
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\  .  rtical  distance  from  the  crest  of  a  circular 
-harp -en-ti  d    w.-ir    to    tin-    ape\    of    the 

undernappe  of  the  overflow  thi 
I  I'  \ atioi  -  datum  plane 

Elevation  difference  of  the  bottom   profile 

bet  w  eei,  i  ion-    iii   aii   open 

channel 

ttio,  horizontal  to  vertical,  of  the  slope  of 
the  sides  of  a  channel  •  ion 

a  \  coefficient    angular  variation  of  the  side 

wall  with  respect  to  the  structure  center- 
line 

6  Angle  from  the  horizontal  angle  from  verti- 

cal of  the  position  of  an  orifice  angle  from 
the  horizontal  of  the  edge  of  the  Up  of  ■ 
deflector  bucket 

Table  B  l  presents  conversion  factors  must 
frequently  used  by  the  designer  of  small  dams  to 
convert  from  one  sei  of  nmis  to  another  for 
example,  to  convert  from  cubic  feel  per  second  bo 

acre-feet.  Also  included  are  some  basic  con- 
version formulas  such  a<  the  ones  for  converting 
How  for  it  given  time  to  volume 

B-2.  Flow  in  Open  Channels.  ;i  Energy  and 
Head.  If  il  is  assumed  that  streamlines  of  flow 
in  an  open  channel  are  parallel  and  thai  velocities 
al  all  points  in  a  cross  section  are  equal  to  the 

mean  velocity  r,  the  energy  possessed  by  the 
water  is  made  up  of  two  parts:  kinetic  (or  mot 
energy  and  potential  (or  latent  |  energy.  Referring 
io  figure  B  -l.  if  \Y  is  the  weight  of  a  mass  m,  the 
mass  possesses  HA  foot-pounds  of  energy  with 
reference  to  the  datum.  Also,  it  possesses  Wh\ 
foot-pounds  of  energy  because  of  the  pressure 
exerted  by  the  water  above  it.  Thus,  the  potential 
energy  of  the  mass  m  is  H'A,  •  A  .  This  vah.' 
the  same  for  each  particle  of  mass  m  the  cross 
section.     Assuming  uniform  velocity,  the  kinetic 

energy  of  m  i>  11  ( .,    V 
Thus,  the  total  energy  of  each  mas-  particle  is: 

I    =w(k1  ■  /,..  +  .,'  )  i 

Applying  the  above  relationship  to  the  whole 
discharge  (J  of  the  cross  section  in  terms  of  the 
unit  weight  of  water  10, 


E=Qir(<i  |  Z^ 


2 


where    /'.'  is    total    energy    per  second    at    the   cross 
section. 
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Table  B-l. — Conversion  factors  and  formulas 

To  reduce  units  in  column  1  to  units  in  column  4,  multiply  column  1  by  colum 
_To  reduce  units  in  column  4  to  units  in  column  1,  multiply  column  4  by  column 


n2~| 

n3j 


CONVERSION  FACTORS 

CONVERSION  FACTORS 

Column  1 

Column  2 

Column  3 

Column  4 

Column  1 

Column  2 

Column  3 

Column  4 

LENGTH 

FLOW 

In 

|            2.54 
1             0. 0254 

0.  3937 
39.37 

Cm. 
M. 

Cu.  ft./sec.  (second- 
feet)  (sec. -ft.). 

60.0 
86,  400.  0 

31.536X106 
448.  83 
646,317.0 

1.98347 
723.  98 
725.  78 
55.54 
57.52 
59.50 
61.49 

50.0 

40.0 

38.4 
35.7 

0.028317 
1.699 
0.  99173 

0.  016667 
.11574X10-' 
.31709X10-? 
.  2228X10-2 
.15472X10-5 
. 50417 
.13813X10-2 
.13778X10-2 
. 018005 
.017385 
.016806 
. 016262 

.020 

.025 

. 026042 
.028011 

35.31 

.5886 
1.0083 

Cu.  ft./day. 
Cu.  ft./yr. 

Ft 

0.  3046 

3.  2808 

M. 

Gal./day. 

Miles...     ..... 

1.609 

0.621 

Km. 

Acre-ft. /365  days. 

AREA 

Acre-ft. /366  days. 
Acre-ft. /28  days. 

Sq.  in 

6.  4516 

0. 1550 

Sq.  cm. 

Acre-ft. /29  days. 
Acre-ft. /30  days. 
Acre-ft./31  days. 

Sq.  m     

10.  764 

.0929 

Sq.  ft. 

Miner's  inch  in  Idaho, 
Kans.,  Nebr.,  N.  Mex., 
N.  Dak.,  S.  Dak.,  and 
Utah. 

Miner's  inch  in  Ariz., 
Calif.,  Mont.,  New,  and 
Oreg. 

Miner's  inch  in  Colo. 

Miner's  inch  in  British 
Columbia. 

Cu.  m./sec. 

Sq.  miles 

I           27. 8784X106 
640.0 

30.976X105 

\             2.59 

0.3587X10-7 
.  15625X10-2 

.  3228X10-6 
.386 

Sq.  ft. 

Acres  (1  sec- 
tion). 
Sq  yd. 
Sq.  km. 

Acre 

f   43,560.0 
i      4,  046.  9 
I     4, 840. 0 

0.  22957X10-' 
.2471X10-3 
.2066X10-' 

Sq.  ft. 
Sq.  m. 
Sq.  yd. 

VOLUME 

Cu.  m./min. 
Acre-in./hr. 

[     1,728.0 
|             7. 4805 
[             6. 2321 

0.  5787X10-' 
.  13368 
.  16046 

Cu.  in. 
Gal. 
Imperial  gal. 

Cu.  ft./min. 

f             7. 4805 
1    10,772.0 

0.  13368 
.  92834X10-* 

Gal./min. 

Cu.  ft 

Gal./day. 

106  gal. /day 

1.5472 
<         694. 44 
[             3. 0689 

0.  64632 
.1440X10-2 
.  32585 

Cu.  ft./sec. 
Gal./min. 

1           35. 3145 
1             1.3079 

0.  028317 
.  76456 

Cu.  ft. 
Cu.  yd. 

Cu.  m 

Acre-ft. /day. 

Gal 

|         231.0 
I             3. 7854 

0.  4329X10-2 
.26417 

Cu.  in. 
Liters. 

In.  depth/hr 

645.  33 

0.15496X10-2 

Sec.-ft./sq.  mile. 

In.  depth/day 

J           26. 889 
i           53. 33 

0.03719 
. 01878 

Sec.-ft./sq.  mile. 
Acre-ft./sq.  mile. 

Million  gal 

(133,681.0 
I             3. 0689 

0.74805X10-5 
.  32585 

Cu.  ft. 
Acre-ft. 

Sec.-ft./sq.  mile.    . 

1.0413 
1.0785 
1.1157 
1.1529 
13.  574 
13.612 

0.  96032 
. 92720 
.  89630 
. 86738 
.  073668 
.  073467 

In.  depth/28  days. 
In.  depth/29  days. 
In.  depth/30  days. 
In.  depth/31  days. 
In.  depth/365  days. 
In.  depth/366  days. 

Imperial  gal 

1.2003 

0.83311 

Gal. 

Acre-in _. 

3.  630.  0 

.27548X10-3 

Cu.  ft. 

Acre-ft .     .. 

|      1,233.5 
1    43,560.0 

0.81071X10-3 
.  22957X10"' 

Cu.  m. 

Cu.  ft. 

Acre-ft. /day 

226.  24 
<           20.17 
I           19.36 

0.442X10-2 
.0496 
.0517 

Gal./min. 

Miner's  inch  in  Calif. 

j         232.32X10' 
I          53. 33 

0.43044X10-6 
.01875 

Cu.  ft. 
Acre-ft. 

In.  on  1  sq.  mile.. 

Miner's  inch  in  Colo. 

Ft.  on  1  sq.  mile 

(         278.784X105 
1         640. 0 

0.  3587X10-? 
.15625X10-2 

Cu.  ft. 
Acre-ft. 

Gal. /sec _. 

|             5. 347 
i             5. 128 

0.187 
.195 

Miner's  inch  in  Calif. 

Miner's  inch  in  Colo. 

VELOCITY    AND   GRADE 

PERMEABILITY 

Miles/hr 

1.4667 

0.  68182 

Ft.  /sec. 

Mcinzer  (gal./day 
through  1  sq.  ft. 
under  unit  gradi- 
ent). 

48.8 

0.  02049 

Bureau     of     Reclamation 
(cu.  ft./yr.  through  1  sq. 
ft.  under  unit  gradient). 

M./scc... 

3.  2808 
1             2. 2369 

.3048 

.  44704 

Ft./sec. 
Miles/hr. 

Fall  in  ft./mile.... 

189.39X10-6 

5.28X103 

Fall/ft. 
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Tabli  M   l      '  \nd  formula*     Continued 


CONVEB6ION   I  V 

PORMI  i 

(•..iiimii  i 

Column  '-'               Ootamn  3 

I'.iluimi  4 

roi 

1   11     V  M  ■    1  M 

acre 

555.0                 o  innxuH 

'..  .'.35 

Ft    II. 
k« 
kw    -hi 

11  I  il    mill 

n  faiiini.- 1 1  ri 

ih/.i 
•\\  ban  i  nuii.-r  ^  in  -  i  in  no  -ft 

B    1 

l  0 

1   " 

Hp  -hi 

0.746 
198  0X10< 

1   .(in'. 
0  505X10-* 
393X10-' 

Kw  -hr 
H    11. 
11  t  D 

'i  wh.-n- 1  miner*!  m.-i  Btaa-fl 

kw 

(       8.  760. 0 

il  11416X10-' 
I  <  10-' 

Kw    hr    >r 

Ft  lb 

9m  h  bUlmi  i  n 

II  t  u    hr 

:■  pth  OB  area  totci 

_  „                                    In.  on  area) 
sec. -It.  ■ 

(Umi  in  1 

1 1   I 

-"J3U8X10-» 

Ivw  -hr 

0.975                            1.025 

Acre-It    fallim;  1  ft 

1  IR  AHU   KM 

H  t  ii                                     

m 

o.  l  :■  ; 
to 

.         834X10-' 

-  xio-> 

[0,000 

to 
13,000 

Ft  -It. 
I.li    ol 

n                              ft  . 

.n 

• 

PRE.*- 

0.4335 

:::t  :t 

0.01602 

n  n 

1.  133 

0. 1293X10"' 

Lb./sq   (t 

I  1.    v|    In 

Attn 

In    B|  at  H     1 

Ft    air  at  a"-'     F     ati.l  atm 

prendre. 

,    in.. 

H      W  ll.T     ,' 

I.7H 

.    .                     ■  r  hp. 
h.  hp  - 

pomp  ■  m<  lencj 

kw.-hr    1,000 gal.  pumped/br. 

• 

1.026 

o.;. 

Ft    purr  water 

(pump  clln  II 

Kw.-hr  =  (plant  efliciencj      1.028     bead  in  ft       "rater 

Atm..  sea  level.  32°  F 

14  697 

HOM 

Lb./sq.  in. 

III  a.  n 

I^inrl                                             ''ir    '"  ,in:' 

UM"  ,act"                                          .   t  in  hr 

Millibars               

1           295.299X10-' 
75.008X10-' 

33.863 
1  3331 

to  hi 

Mm    lip 

Atm                                  

29.92 

33.48X10-' 

In    lift 

v  rios 

Tons/acrc-ft.  =  (unit  might  cu   ft  1    .'1  78 

lay—  (sec. -ft.)  (p. p.m.)  ■< 

WEIGHT 

0. 00116                    735.29 
0584                        17.123 

'ions  acre-it 
Or  gal 
Lb  io»gal. 

TEMPER  \7< 

8  345 

0.1198 

"C.-^C  F.-32°)                  •F.-|Dr 

Lb 

7.0X10> 

0  14386  ■  :  ■ 

Or 

(im 

15.432 

.064799 

(ir 

Kg. 

.45359 

1.1. 

i  d  u.ii.T  it  ■  i   i-     

n  11983 
'.17 

nan 

.01560 

0.03612 
• 
m  016 

Cu  In. 
Qal 
Imperial  |  il 

I  itcr> 

("ii  ft  pan  » 

t'u  ii 

I  t.    wat.-r   it  81     I 

0.01 

I                  .01563 

K2.355 

n  ■ 

("u  ft  pure  «  iter 
("u  p 

484556  O     I.' 
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F/'gorc  B-1.     Characteristics  of  open-channel  flow. 

The  portion  of  equation  (2)  in  the  parentheses 
is  termed  the  absolute  head,  and  is  written: 


HA=d+Z+^ 


(3) 


Equation  (3)  is  called  the  Bernoulli  equation. 

The  energy  in  the  cross  section  referred  to  the 
bottom  of  the  channel  is  termed  the  specific  energy. 
The  corresponding  head  is  referred  to  as  the  specific 
energy  head  and  is  expressed  as: 


v2 
H*=d+fg 

Where  Q=av,  equation  (4)  can  be  stated: 

Q2 


HE=d- 


*gal 


(4) 


(5) 


For  a  trapezoidal  channel  where  b  is  the  bottom 
width  and  z  defines  the  side  slope,  if  q  is  expressed 

as  -r  and  a  is  expressed  as  d{b-\-zd),  equation  (5) 
becomes: 


HB=d- 


w^fj 


(6) 


Equation  (5)  is  represented  in  diagrammatic  form 
on  figure  B-2  to  show  the  relationships  between 
discharge,  energy,  and  depth  of  flow  in  an  open 
channel.  The  diagram  is  drawn  for  several 
values  of  unit  discharge  in  a  rectangular  channel. 

It  can  be  seen  that  there  are  two  values  of  d, 
dH  and  dL,  for  each  value  of  HE,  except  at  the  point 
where  HE  is  minimum,  where  only  a  single  value 
exists.     The  depth  at  energy  HEmin  is  called  the 


critical  depth,  and  the  depths  for  other  values  of 
HE  are  called  alternate  depths.  Those  depths 
lying  above  the  trace  through  the  locus  of  mini- 
mum depths  are  in  the  subcritical  flow  range  and 
are  termed  subcritical  depths,  while  those  lying 
below  the  trace  are  in  the  supercritical  flow  range 
and  are  termed  supercritical  depths. 

Figure  B-3  plots  the  relationships  of  d  to  HE  as 
stated  in  equation  (6),  for  various  values  of  unit 
discharge  q  and  side  slope  z.  The  curves  can  be 
used  to  quickly  determine  alternate  depths  of  flow 
in  open  channel  spillways. 

(b)  Critical  Flow. — Critical  flow  is  the  term  used 
to  describe  open  channel  flow  when  certain  re- 
lationships exist  between  specific  energy  and  dis- 
charge and  between  specific  energy  and  depth. 
As  indicated  in  section  B-2  (a)  and  as  demonstrated 
on  figure  B-2,  critical  flow  terms  can  be  defined  as 
follows : 

(1)  Critical  discharge. — The  maximum  dis- 
charge for  a  given  specific  energy,  or  the  dis- 
charge which  will  occur  with  minimum  spe- 
cific energy. 

(2)  Critical  depth. — The  depth  of  flow  at 
which  the  discharge  is  maximum  for  a  given 
specific  energy,  or  the  depth  at  which  a  given 
discharge  occurs  with  minimum  specific 
energy. 

(3)  Critical  velocity. — The  mean  velocity 
when  the  discharge  is  critical. 

(4)  Critical  slope. — That  slope  which  will 
sustain  a  given  discharge  at  uniform  critical 
depth  in  a  given  channel. 

(5)  Subcritical  flow. — Those  conditions  of 
flow  for  which  the  depths  are  greater  than 
critical  and  the  velocities  are  less  than 
critical. 

(6)  Supercritical  flow. — Those  conditions  of 
flow  for  which  the  depths  are  less  than  critical 
and  the  velocities  are  greater  than  critical. 

More  complete  discussions  of  the  critical  flow 
theory  in  relationship  to  specific  energy  are  given 
in  most  hydraulic  textbooks  [1,  2,  3,  4,  o].2  The 
relationship  between  cross  section  and  discharge 
which  must  exist  in  order  that  flow  may  occur  at 
the  critical  stage  is: 


9      T 


(7) 


Numbers  in  brackets  refer  to  items  in  the  bibliography,  sec.  B-10. 
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3  4  5  6  7  8  9 

SPECIFIC     ENERGY    HE,   IN    FEET 


v2        q 

Hp-d  +  o-r  =  d  + -9  where   q  =  discharge   per  unit    width. 

d<*         2gd* 

/qc\3     2 
dc=f  — 1  =3-HEmm   where  dc  =  critical    depth 

>      '  q=  critical    discharge   per  unit  width 


Hp        =  minimum    energy   content 


Figure  8-2.      Depth  of  flow  and  specific  energy  for  rectangular  section  in  open  channel. 


where 

a = cross  BectionaJ  area  in  Bquare  feet,  and 

r=  water  surface  width  in  feel 

Since  (/2    (/-/-',  equation  (7)  can  be  written: 

2g    2T 


Al-ii.  -nice  n—il„,T,  where'/,,,  i>  the  mean  depth  of 
How  at  the  section,  and ~      *»c>  equation  (8)  can 

he  rewritten: 


- 


L  f 
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Figure  B-3.      Energy-depth  curves  for  rectangular  and  trapezoidal  channels. 
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Then  equation    I    can  be  stated 


./.. 


" 


in 


Prom   the   foregoing,   the  following  additional 

relal  ions  ran  be  stated : 


*-    9 

II 

4       S 

12 

<V=\W«.f 

(13) 

":'     -  ..-    la 

11 

<A  =  «>!A/.nf 

[IS 

For  rectangular  sections,  if  g  is  the  discharge  per 
fool  width  of  channel,  the  various  critical  flow 
formulae  are : 


//  4<i 


*-i  "- 


,;     ''' 


l\  =  \{l<lc 


16 

i: 
18 
19 

20 

21 
22 

23 


q<=de»S/g 

24 

&=5.67fti 

Qf=:\.087h/l. 

The  critical  depth   for  trapezoidal  sections  is 
given  l»\  tin-  equal  ion 


\ 

where        the  ratio,  horizontal  to  vertical,  of  the 
-lope  of  the  rides  of  t  In-  channel. 
Similarly,  for  the  trapezoidal  section, 


and 


W(&3      I 


Qc        N 


9  b 

I,     2 


The  solutions  of  equations  (25)  and  (29)  are  simpli- 
fied l>>  use  of  figure  B   I 

A  general  equation  for  critical  depth  cannot  be 
expressed  for  natural  channels.  However,  a  check 
for  the  existence  of  critical  flow  in  these  channels 
is  discussed   in   part    B  of  this  appendix. 

[fanning  Formula.  The  formula  developed 
by  Manning  for  flow  in  open  channels  is  used  in 
tnosl  of  the  hydraulic  analyses  discussed  iii  this 
text.  It  i-  a  special  form  of  Chezy's  formula;  the 
complete  development  is  contained  in  most  text- 
hooks  on  elementary  fluid  mechanics.  The  for- 
mula is  written  as  follow  - 


r= 


L.486 


II 


or 


Q=h*Mar2 


(31) 


where 

d  =  the  cross  section  of  How    area  in  square  feet. 
p=the  velocity  in  feet  per  second. 
n=a  roughness  coefficient, 

area 


r=tlie  hydraulic  radius 


wetted  perimetei 


and 


s=the  slope  of  the  energy  gradient. 

The  value  of  the  roughness  coefficient,  n,  vanes 
according  to  the  physical  roughness  of  the  sides 
and  bottom  of  the  channel  and  is  influenced  by 
such  factor-  a-  channel  curvature,  size  ami  -hape 
of  cross  section,  alineinent.  and  type  and  condition 
of  the  material  forming  the  wetted  perimeter. 
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line  gives  relationship  between  Oc,  b,  z, and  dc 

as  shown. 
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(  B)  For  channels  wider  than  14  feet 
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Figure  B-4.     Critical  depth  in  trapezoidal  sections. 
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Values  of  n  commonly  used  in  design  of  artificial 
channels  are  as  follows: 


•  iption  "i  eb  tonal 
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.'.-.!  mcl  il 


Minimiim      M  minimi      I 


n  ill? 
013 

Mill 
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The    determination    of    u    values    for    natural 
channels  is  discussed  in  part  B  of  this  appendix. 

Bernoulli  Theorem.  The  Bernoulli  theorem, 
which  is  the  principle  <>f  conservation  <>f  energy 
applied  t<>  open  channel  flow,  may  be  stated:  The 
absolute  head  at  any  section  is  equal  to  the  abso 

lute  head  at  a  section  do*  Qstream  plus  intervening 
bases  of  dead.     Expressed  in  terms  of  equation 
from  figure  B  l : 


/     d\    A.    --Zi+di+k^+hi 


where  hL  re|)resents  all  losses  in  head  between 
section  2  (subscript  2)  and  section  1  (subscript  1  I 
Such  head  losses  will  consist  largely  of  friction 
foes,  luit  ma\  include  minor  other  losses  such  as 
those  due  to  eddy,  transition,  obstruction,  impact, 
etc. 

When  the  discharge  at  a  given  cross  section  of 

a    channel    is   constant    with    respect    to    time,    the 

Mow  is  steady.     If  steady  (low  occurs  at  all  sections 

in  a  reach,  the  (low  is  continuous  and 


Q=<hVi  - 


(33) 


Equation  (33)  is  termed  the  equation  of  continuity. 
Equations  (32)  and  (33).  solved  simultaneously, 
arc  the  basic  formulas  used  in  Bolving  problems 
of  flow  in  open  channels. 

Hydraulic  and  Energy  Gradients.  —The  hy- 
draulic gradienl  in  open  channel  How  is  the  water 
surface.  The  energy  gradienl  is  above  the 
hydraulic  gradient  a  distance  equal  to  the  velocity 
head.  The  fall  of  the  energy  gradient  for  a  given 
length  of  channel  represents  the  loss  of  energy, 
either  from  friction  01  from  friction  and  other 
influences.  The  relationship  of  the  energy  gradi- 
enl to  the  hydraulic  gradient  reflects  not  only  the 


loss  of  energy,  hut  also  the  conversion  between 
potential  and  kinetic  energy  For  uniform  How 
t  he  gradients  an-  parallel  and  the  slope  of  the  water 
surface  represents  the  friction  loss  gradient  In 
accelerated  How  the  hydraulic  gradient  is  Bteepei 
than  the  ei  idnnt.  indicating  a  progressive 

conversion  from  potential  to  kinetic  energy  In 
retarded  How  the  energy  gradienl  is  steeper  than 
the  hydraulic  gradient,  indicating  a  conversion 
from  kinetic  to  potential  energy  Tin-  Bernoulli 
theorem  defines  the  progressive  relationships  of 
t  hese  energy  gradients 

l-'oi    a    l'ivcii   reach   of  channel   A/.,    the   average 

-lope  of  the  energy  gradient  is  ''.  where  AA;.  i- 
thc  cumulative  losses  through  the  reach.     If  these 

losses  are  Bolely  from  friction.  A///,  will  become 
A A .  and 


A/< 


I 


A/. 


Expressed  in  terms  of  the  hydraulic  properties  at 

cadi     end     of    the    reach     and    of    the    rOUghm 

coefficient, 

If  the  average  friction  slope.  8/,  is  equal  to 

^— — =     '/•  and  sh  is  the  slope  of  the  channel  floor. 
2         A  /. 

by  substituting  «»&£  for  Z:  —  /,.  and  IIK  for  (d+ 

equation  (32)  may  be  written: 


M= 


II  .—Hi 


»»—  8/ 


(f)  Chart  for  Approximating  Friction  Losses  in 

<  'hut< n.  -Figure  B  5  is  a  nomograph  from  which 
approximate  friction  losses  in  a  channel  can  be 
evaluated.  To  generalize  the  chart  so  that  it  can 
be  applied  for  differing  channel  conditions,  several 
approximations  are  made  First,  the  depth  of 
How  in  the  channel  is  assumed  equal  to  the  hy- 
draulic radius:  the  results  will  therefore  be  most 
applicable  to  wide,  shallow  channels  Further- 
more, the  increase  m  velocity  head  is  SSSUmed  to 
vary  proportionally  along  the  length  of  the 
channel.  Thus,  the  data  l'Ivcii  in  the  chart  are 
not  exact  and  are  intended  to  serve  onlj  a-  a  guide 

in  estimating  channel  loe 

The    chart     plots    the    solution    of    the    equation 
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s  =  -jI,  integrated  between  the  limits  from  zero  to 


L,  or 


h: 


sdx, 


where,  from  the  Manning  equation, 


s  = 


/1.4I 


486V 


r*/3 


B-3.  Flow  in  Closed  Conduits.— (a)  Pari  Futf 
F/ow  zn  Conduits. — The  hydraulics  of  part  full 
flow  in  closed  conduits  is  similar  to  that  in  open 
channels,  and  open  channel  flow  formulas  are 
applicable.  Hydraulic  properties  for  different 
flow  depths  in  circular  and  horseshoe  conduits 
are  tabulated  in  tables  B-2  through  B-5  to  facili- 
tate hydraulic  computations  for  these  sections. 


Table  B-2. — Velocity  head  and  discharge  at  critical  depths  and  static  pressures  in  circular  conduits  partly  full 

Z>=  Diameter  of  pipe. 
d  =  Depth  of  flow. 
A ,  =  Velocity  head  for  a  critical  depth  of  d. 
Qc  =  Discharge  when  the  critical  depth  is  d. 

P=  Pressure  on  cross  section  of  water  prism  in  cubic  units  of  water.    To  get  P  in  pounds,  when  d  and  D 
are  in  feet,  multiply  by  62.5. 
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Tabu   U  •'!      Uniform  flow  in  circuit  firth/ full 
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Table  B-4. —  Velocity  head  and  discharge  at  critical  depths  and  static  pressures  in  horseshoe  conduits  partly  full 

D= Diameter  of  horseshoe. 
d  =  Depth  of  flow. 
A     =  Velocity  head  for  a  critical  depth  of  d. 

Qe=Discharge  when  the  critical  depth  is  d. 

P=  Pressure  on  cross  section  of  water  prism  in  cubic  units  of  water.    To  get  P  in  pounds,  when  d  and  D 
are  in  feet,  multiply  by  62.5. 
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hf  = 


I486  '     ' 


I'  >  0—  — 

15ICT  ' 


KEY 


~~M — 


;00I8     0  014    0  011         0  008 


Assuming:  hydraulic  rodius 

q 
r  =  ,  (for  wide  channels  with  shollo»  depths) 


-~-  -   Constont (for  condition  where 

water  surface  profile  is  appro»imoteiy  o  straight 
line  and  ^1  rotio  is  relotively  smoll) 


Procedure 
For  first  trial  assume  h,  =  H0 
Enter  dtagrom  at  ossumed 
value  of  hv  (point  in  )  ond 
L(  point  iji  )  ond  determine 
point  on  pivot  line  (  point  131 1 
Extend  line  through  pivot 
point  and  given  volue  of  q 
on  ossumed  n  scole  (point  (41) 
to  hr  volue  on  corresponding 
n  scole  (point  151). 
Subtract  hf  value  determined 
by  first  trial  from  H„  to 
obtain  new  value  of  h¥. 
Repeat  tnol  procedure 


--0008        oon 


Figure  B-5.      Approximate  losses  in  chutes  for  various  values  of  water  surface  drop  and  channel  lenoth. 

After  O.  Pfofstetter 
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Tables  B  _'  and  B  \  give  data  for  determining 
critical  depths,  critical  velocities,  and  hydrostatic 
in-,  of  the  water  prism  cross  section  for 
various  discharges  and  conduit  diameters  If  the 
urea  at  critical  flow,  ",.  is  represented  a-  kiD*  and 
the  top  width  <>f  the  water  prism,  '/'.  for  critical 
How  i-  equal  to  k:I>,  equation  (7)  can  !>»•  written: 


or 


(37) 


Values  of  ks.  for  various  How  depths,  arc  tabulated 
m  column  3  The  hydrostatic  pressure,  P,  <>f  the 
water  prism  cross  Bection  is  ""y.  where  y  is  the 

(lc|)th    from    the    water    surface    to    the    center    of 

gravity    of   the   cross   Bection.     If  <ir    /.-,/>-'  ami 

y=kj>.   then 

P=k!)n3  (38) 

Values  of  /.,.  for  various  How  depths,  arc  tabulated 
in  column  1  Column  '-'  gives  the  values  of  Af  in 
relation  to  the  conduit  diameter,  for  various  flow 
depths, 

The  use  of  tables  B  2  and  B  I  can  be  illustrated 
by  an  example.  Suppose  that  it  is  desired  to  find 
the  critical  depth  for  050  second-feet  Sowing  free 
in    a    '.(-foot-diameter  circular  conduit.      For  this 

• :|-'     ,  •>=^ts=2.675.     From  column  .'}.  by  inter- 

point  ion.  the  corresponding  value  in  column    1    is 

^=0.701.     The   critical   depth   is    then    9X0.701 

=  6.31  feet.  The  critical  velocity  from  column  2 
\ah,t  0.3212X9=2.89  feet,  which  gives  a  criti- 
cal velocity  of  13.6  feet  per  second. 

Column  4  gives  hydrostatic  pressure  upon  the 
cross  section  of  the  water  prism.  The  tabular 
value  multiplied  by  //'  gives  pressure  in  cubic  units 
of  water.  The  pressure  in  pound-  i-  62.5  times 
the  tabular  value.  For  this  example,  P=62.5X 
93X0. 1822  =  8,300  pounds 

Tables  B-3  and  B-.5  give  area-  and  hydraulic 
radii  for  partially  full  conduits  and  coefficients 
which  can  be  applied  in  the  solution  of  the  Mnii- 

7r//2 

rung  equation.  I  f.l  =/.-,-,  and  r  k-:1>.  Manning's 
equation  can  be  w  ritten 


Values  of  /,-.   for  various  How  depths,  are  tabu- 
lated m  column  4      If  I)    /-,,</.  equation 

lie    W  111  ten 


q*     I  ; 

</"    !  4 


k*d-  =kv 


M 


Values  "f  /',,  for  various  How  depths,  arc  tabulated 
in  column  .V 

/Vi«nfi    Flow  in  Conduit*     Since  factors 

affecting  head  Losses  in  conduit-  are  independent 
of  pressure,  the  same  law-  appl\  to  How  in  both 
closed  conduits  and  open  channels,  and  the  formu- 
las for  each   take   the  >aine  general   form.      Thus, 

the  equation  of  continuity,  equation  (33),  Q= 
r/,/-,     ".'''j.  id-o  applies  io  pressure  How  m  conduits. 

A  mass  of  water  a-  such  does  not   ha\e  pie-sure 

energy.  Pressure  energy  is  acquired  i>\  contact 
with  other  masses  and  is,  therefore,  transmitted  to 
or  through    the   mass   under  consideration.     The 

pressure  head       (where  j>  is  the  pressure  mten-ii\ 

in  pounds  per  Bquare  foot  and  ir  is  unit  weight  in 
pounds  per  cubic  foot),  like  velocity  and  elevation 
head-,  also  expresses  energy.    Thus  for  pressure 

pipe  How.  the  Bernoulli  equation  for  How  in  open 
channels,  equation  (3),  can  be  written: 


w 


.'/ 


(41) 


The  Bernoulli   theorem  for  flow  in  a  reach  of 
pressure  pipe  (as  shown  on  fig.  B-6)  is: 


!±+Zl+ht=^+Z2+kt:+AhL 


12 


where  \liL  represents  the  head  losses  within  the 
reach  from  all  causes.  If  //r  is  the  total  head 
and  r  is  the  velocity  at  the  outlet.  Bernoulli's 
equation  for  the  entire  pipe  is: 


&r=Z(AAz   •  a, 


AS    in    Open    channel    How.    the    Bernoulli    theorem 

and  the  continuity  equation  are  the  basic  formulas 

used  in  solving  problem-  of  pressure  conduit  How  . 
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(c)  Energy  and  Pressure  Gradients. — If  piezom- 
eter stand  pipes  were  to  be  inserted  at  various 
points  along  the  length  of  a  conduit  flowing  under 
pressure,  as  illustrated  on  figure  B-6,  water  would 
rise  in  each  pipe  to  a  level  equal  to  the  pressure 
head  in  the  conduit  at  those  points.  The  level 
may  be  equal  to  the  pipe  grade  or  be  above  or 
below  it;  that  is,  the  pressure  at  that  point  may 
be  equal  to,  greater  than,  or  less  than  the  local 
atmospheric  pressure.  The  height  to  which  the 
water  would  rise  in  a  piezometer  is  termed  the 
pressure  gradient.  The  energy  gradient  is  above 
the  pressure  gradient  a  distance  equal  to  the 
velocity  head.  The  fall  of  the  energy  gradient 
for  a  given  length  of  pipe  represents  the  loss  of 
energy,  either  from  friction  or  from  friction  and 
other  influences.  The  relationship  of  the  energy 
gradient  to  the  pressure  gradient  reflects  the  vari- 
ations between  kinetic  energy  and  pressure  head. 

(d)  Friction  Losses. — Many  empirical  formulas 
have  been  developed  for  evaluating  the  flow  of 
fluids  in  pipes.  Those  in  most  common  use  are 
the  Manning  equation,  which,  written  in  terms  of 
the  pipe  length  and  diameter  (in  feet),  is: 

hf=lS5n2^  ~  (44) 


and  the  Darcy-Weisbach  equation,  which,  written 
in  similar  terms,  is: 


DESIGN  OF  SMALL  DAMS 
fL  v2 


hf= 


D2g 


(45) 


The  Manning  equation  assumes  that  the  energy 
loss  depends  only  on  the  velocity-,  the  dimensions 
of  the  conduit,  and  the  magnitude  of  wall  rough- 
ness as  defined  by  the  friction  coefficient  n.  The 
n  value  is  related  to  the  physical  roughness  of  the 
conduit  wall  and  is  independent  of  the  size  of  the 
pipe  or  of  the  density  and  viscosity  of  the  water. 

The  Darcy-Weisbach  equation  assumes  the  loss 
to  be  related  to  the  velocity,  the  dimensions  of 
the  conduit,  and  the  friction  factor  /.  The  factor 
/  is  a  dimensionless  variable  based  on  the  viscosity 
and  density  of  the  fluid  and  on  the  roughness  of 
the  conduit  walls  as  it  relates  to  the  size  of  the 
conduit. 

Data  and  criteria  for  determining  /  values  for 
large  pipe  are  given  in  a  Bureau  of  Reclamation 
engineering  monograph  [6].  A  value  of  the 
Manning  coefficient,  n,  corresponding  to  the 
Darcy  coefficient,  /,  can  be  obtained  by  combining 
equations  (44)  and  (45).     Thus: 


/Z^Y72  185  n2  ,.„. 


Hiss-) 


The    relationship    between    these    coefficients 
shown  in  nomograph  form  on  figure  B-7. 


is 


•Head 

9 


loss  due  to  entrance  conditions 

Head   loss  due  to  sudden   expansion 


hv, 


© 


@ 


^--Energy  gradient-, 

\  ;        -t 

Pre; 


-Head  loss  due 
to  sudden 
contraction 


(AhL) 


Figure  B-6.     Characteristics  of  pressure  (low  in  conduits. 
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Figure  B-7.      Relationship  between  Darcy's  I  and  Manning's  n  for  flow  in  pipes 
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(e)  Design  Charts  for  Flow  in  Culverts. — Figures 
B-8  through  B-13  are  nomographs  prepared  by 
the  Bureau  of  Public  Roads,  presenting  data 
which  can  be  used  for  determining  flow  in  circular 
and  box  culvert  spillways.  Figures  B-8  and  B-9 
give  discharges  for  pipes  for  conditions  where  the 
control  is  at  the  inlet;  these  charts  are  based  on 
experimental  data.  Figures  B-10  and  B-ll  give 
discharges  for  pipes  flowing  full,  and  represent  the 
solution  of  equation  (33)  of  chapter  VIII.  Simi- 
larly, figure  B-12  gives  discharges  through  box 
culverts  with  entrance  control  representing  the 
solution  of  equation  (35)  of  chapter  VIII,  with  the 
value  of  the  coefficient  Cd  determined  experi- 
mentally. Figure  B-13  gives  discharges  for  box 
culverts  flowing  full,  representing  the  solution  of 
equation  (38)  of  chapter  VIII. 

B-4.  Hydraulic  Jump. — The  hydraulic  jump  is  an 
abrupt  rise  in  water  surface  which  may  occur  in  an 
open  channel  when  water  flowing  at  high  velocity 
is  retarded.  The  formula  for  the  hydraulic  jump 
is  obtained  by  equating  the  unbalanced  forces 
acting  to  retard  the  mass  of  flow  to  the  rate  of 
change  of  the  momentum  of  flow.  The  general 
formula  for  this  relationship  is: 


Vi—9 


a2y2—a1yl 


<h 


0-t) 


(47) 


where : 


r!  =  the  velocity  before  the  jump, 

ax  and  o2=the  areas  before  and  after  the  jump, 
respectively,  and 

yi  and  y2  =  the  corresponding  depths  from  the 
water  surface  to  the  center  of  gravity  of  the  cross 
section. 

The  general  formula  expressed  in  terms  of  dis- 


charge is: 


or: 


Q2=g 


di     a2 


^+aryi=gk+a~y2 


(48) 


(49) 


For  a  rectangular  channel,  equation  (47)  can  be 

reduced  to  Vi2=7rr  (^2+^1),  where  dl  ando?2  are  the 

flow  depths  before  and  after  the  jump,  respec- 
tively.    Solving  for  d2 : 


-w 


2vl2dl  ,  d, 


9         4 
Similarly,  expressing  dx  in  terms  of  d2  and  v2: 


<.=-w 


2*% 


.'/ 


(50) 


(51) 


A  graphic  solution  of  equation  (50)  is  shown  on 
figure  B-16. 


If  the  Froude  number  F-f 


Vi 


is  substituted  in 


the  equation  (50) : 

!4(vw+i-o 


(52) 


Figure  B-14  shows  a  graphical  representation  of 
the  characteristics  of  the  hydraulic  jump.  Figure 
B-15  shows  the  hydraulic  properties  of  the  jump 
in  relation  to  the  Froude  number,  as  determined 
from  experimental  data  [7].  Data  are  for  jumps 
on  a  flat  floor  with  no  chute  blocks,  baffle  piers  or 
end  sills.  Ordinarily,  the  jump  length  can  be 
shortened  by  incorporation  of  such  devices  in  the 
designs  of  a  specific  stilling  basin. 


B.     FLOW  IN  NATURAL  CHANNELS 


B-5.  General. — This  portion  of  the  appendix- 
presents  briefly  the  hydraulic  theory  and  analyses 
of  natural  stream  channel  flow  as  related  to  the 
design  of  small  dams.  These  analyses  primarily 
involve  the  establishment  of  various  hydraulic 
relationships  from  gathered  field  data  that  are 
applied  to  existing  methods  or  procedures  for 
deriving  rating  curves  (stage-discharge  relation) 
or  making  water  surface  profile  computations. 
One  of  the  more  important  uses  of  the  rating  curve 
is  in  connection  with  establishing  tailwater  condi- 


tions in  the  design  of  stilling  basins. 

The  hydraulic  analyses  covered  herein  involve 
only  the  conditions  of  steady  and  nonuniform 
flow.  A  steady  flow  condition  is  said  to  prevail 
when  the  discharge  is  the  same  at  all  sections  along 
the  channel  and  remains  constant  with  respect  to 
time.  The  flow  is  said  to  be  nonuniform  when 
the  grade  of  the  water  surface  is  different  from 
that  of  the  channel  bottom,  implying  either 
accelerating  or  decelerating  flow.  Both  condi- 
tions generally  prevail  in  natural  channels.     The 
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flows  are  also  considered  t<>  l>c  contained  onlj  in 
the  main  channel  portion  »>f  the  stream.  Refer- 
ence is  made  to  other  publications  |i.  8,  9]  which 
contain  the  procedures  for  analyzing  the  hydrau- 
lics of  Btreams  where  overbank  flows  occur 

Suggested  procedures  are  given  for  the  collec- 
tion of  an  adequate  set  of  field  data  to  define  each 
of  the  components  in  Manning's  formula  or 
Bernoulli's  theorem  which  are  used  in  the  hydrau- 
lic computations  The  engineer  will  have  to 
select  the  mosl  expedient  and  economical  means 
of  assembling  the  data  and  performing  the  com- 
putations for  arriving  at  the  answer.  The  accur- 
acy <»f  the  results  is  dependent  on  gathering  the 
field  'lata  representative  of  1 1 1  *  -  prevailing  hydrau- 
lic conditions  and  analyzing  them  through  reason- 
able assumptions  and  interpretations.  An  ac- 
curacy of  0.5  foot  i-  ordinarily  a  reasonable  limit 
for  the  computations  of  water  surfaces  for  low 
How 

B-6.  Collection  of  Data,  in)  Streamflow  Rec- 
ords. Records  of  Btreamflow  taken  from  estab- 
lished United  States  Geological  Survey  ^ra^in.Lr 
Btations  furnish  valuable  information  for  the 
required  hydraulic  analysis.  A  check  with  the 
nearest  Geological  Survey  office  or  reference  to 
the  water  supply  papers  published  annually  by 
this  agency   will  show   what    streamflow   data   are 

available  for  each  Btation  (sec.  17).  Detailed 
descriptions  of  gaging  Btations  can  he  studied  in 

Water  Supply  Paper  sss,  |  |()] 

Damsites  are  Beldom  located  near  gaging  Bta- 
tions. The  rating  curve  of  a  Btation  can  be  trans- 
posed to  a  cross  section  at  or  Dear  the  damsite  if 
the  hydraulic  conditions  of  the  reach  between  the 
damsite  and  the  Btation  are  relatively  uniform. 
A  reasonable  distance  between  the  damsite  and 
the  ;_ra<_rini_r  station  for  transposing  the  curve 
probably  should  not  exceed  1,1100  feet.  Trans- 
positions can  he  made  either  upstream  or  down- 
stream from  an  established  gaging  station.  Ex- 
treme changes  in  grade  of  the  streambed,  cross- 
lional  dimensions  (particularly  the  width',  and 
//  values dest  tt>\  the  uniformity  of  the  channel  reach 
and  consequently  reduce  the  accuracy  of  the  trans- 
posed rat  ing  cur\  e, 

b     Topographic  Maps  <im/ .  l<  rial  Photographs. 

A  topographic  map  and  aerial  photographs,  if 
available  (sec.  17),  also  provide  useful  information 
for  rating  curve  development  or  water  surface 
profile  Computations.  For  rOUgh  studies,  the 
184586  0     59  31 


hydraulic  properties  of  the  stream  at  the  damsite 
can  he  determined  for  a  cross  Bection  a-  plotted 
from  the  topographic  map  An  example  is  in- 
cluded herein  showing  how  tin-  is  done  The 
topographic  map  i-  also  useful  in  Btudies  involving 
water  surface  profile  computations,  where  it  can 

lie    u-ed    to    locate    a    Series   <  >  f   0*088   -eetion-    helow 

the  dam.  Flow  distances  between  such  cross 
section-  can  he  measured  from  the  map. 

Aerial  photographs  can  be  used  to  assist  in 
selecting  the  location  of  the  cross  sections  Fur- 
ther, tin'  n  coefficients  can  he  evaluated  l>\  oh- 
Berving  the  area!  coverage  of  vegetation  ami  the 
meandering  pattern  of  the  stream 

Field  Surveys.  The  held  work  required  to 
define  the  hydraulic  dimensions  of  a  Bingle  cross 
Bection  is  relatively  simple  and  generally  in- 
expensive. Essentially,  the  procedure  involves 
Betting   up   a    level    in    direct    line   with    the   <i. 

Bection  and  taking  intermittent  Boundings  acn 
tin-    Bection.     Concurrently,    levels   can    be    run 

along    the   stream    thalweg    (lowest    points    in    the 

Btream-bed)  or  water  surface  (intermittent  Bhots 
may  be  taken  at  water's  edge  along  both  banks 
to  define  a  slope  for  use  in  the  Manning's  formula; 
a  distance  of  200  to  300  feet  downstream  and  up- 
stream from  the  cross  section  will  usually  In- 
sufficient. Elevations  to  the  nearest  tenth  of  a 
foot  are  satisfactory  for  cross -sect  ional  data: 
however,  they  should  he  to  the  nearest  hundredth 
of  a  foot  for  water  surface  profiles.  'Phis  work 
should  ordinarily  he  done  in  conjunction  with 
topographic  surveys  of  the  damsite  area. 

If  water  surface  profiles  are  to  he  computed  for 
a  more  precise  determination  of  a  rating  curve, 
a  -erics  of  cross  sections  downstream  from  the  dam 
will  he  needed.  The  costs  for  taking  such  field 
measurements  are  correspondingly  higher  than 
those  for  only  one  cross  section:  therefore,  they 
may  not  he  economically  justified  in  certain 
instances 

High  water  marks,  either  observed  or  from  re 
corded  data,  are  used   to  define  the  water  surface 
slope.      Field   ohseiva  t  ions  of   these  mark-  should 

be  made  immediately  following  the  occurrence 
of  any  flows  of  sufficient  magnitude.     An  example 

of  their  use  in  a  -lope-area  computation  i-  shown  in 
the  next  Bection. 

id)  Determination  <•/  ><  \'<iht<*.  The  -election 
of  n  values  for  use  in  the  Manning  formula  re- 
quires considerable  judgment.     Table  H  ti  gives 
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DESIGN  OF  SMALL  DAMS 

To  use  scale  (2)  or(3) ,  project  horizontally  to  scale  (1) ,  then  use  straight  inclined 

line  through  D  and  Q  scales,  or  reverse  as  illustrated. 
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Figure   6-8.      Headwater  depth  for  concrete  pipe  culverts  with  entrance  control.      (U.S.  Bureau  of  Public  Roads.) 
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Figure  B-9.      Headwater  depth  for  corrugated-metal  pipe  culverts  with  entrance  control.      (U.S.  Bureau  of  Public  Roods.) 
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PRESSURE    LINE 


EQUATI0N  ,       Ht.  ^2.5204, -K.,   ,  466^1^^ 

HT ■  Head   m   feet 

Ke  =  Entrance    loss    coefficient 

D    =  Diometer   of   pipe    in    feet 

n     =  Monnmg's    roughness    coefficient 

L     =  Length     of    culvert    in    feet 

0    =  Design    discharge    rate   in    cfs 


Figure  B-10.      Head  for  concrete  pipe  culverts  flowing  full,  n— 0.012.     (U.S.  Bureau  of  Public  Roads.) 
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Figure  B-ll.      Head  for  corrugated-metal  pipe  culverts  flowing  full,  n  — 0.024       (U.S.  Bureau  of  Public  Roads.) 
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use  straight  inclined  line  through 
D  and   Q  scales,  or  reverse  as 
illustrated. 
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Figure  6-72.      Headwater  depth  for  box  culverts  with  entrance  control.     (U.S.  Bureau  of  Public  Roads.) 
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PRESSURE    LINE 


HT  ■  Head   m  (eei 

K,   -  Entranci    lost    coefficient 
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n     ■  Monmng's    roughness    coefficient 
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Figure  B-13.      Head  for  concrete  box  culverts  flowing  full,  n  =  0  0l3       (US    Bureau  of  Public  Roads.) 
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He,-He    =  Energy  loss  in  jump~s 


1 

He, 


Discharge  in  sec.-ft  per  foot  of  width 

Energy   entering  jump. 

Energy  leaving  jump. 

Froude  number  at  section0= 


dj  -    d2-d|  =Height  of  jump 
L  -     Length   of  jump 


(A)    HYDRAULIC    JUMP  -  ON    HORIZONTAL    FLOOR 


(B)  RELATION    OF    SPECIFIC  ENERGY 
TO   DEPTH    OF  FLOW 


Figure  B-14.     Hydraulic  jump  symbols  and  characteristics. 


values  of  n  for  average  channels  of  various  con- 
ditions. Table  B-7  presents  a  procedure  for 
computing  a  mean  n  value  by  systematically  con- 
sidering the  factors  which  are  involved. 

The  following  publications  will  serve  as  guides 
in  the  proper  selection  of  n  values. 

1.  "Hydraulic  and  Excavation  Tables,"  U.S.  Department 

of  the  Interior,  Bureau  of  Reclamation,  eleventh 
edition,  1957,  U.S.  Government  Printing  Office, 
Washington,  D.C. 

2.  "Handbook  of  Hydraulics,"    H.  W.   King,  revised    by 

E.  F.  Brater,  fourth  edition,  1954,  McGraw-Hill 
Book  Co.,  Inc.,  New  York,  X.Y. 

3.  "Hydrologic  and  Hydraulic  Analyses,  Computation  of 

Backwater  Curves  in  River  Channels,"  Part  CXIY, 
Chapter  9,  Engineering  Manual,  Civil  Works  Con- 
struction, May  1952,  Department  of  the  Army, 
Corps  of  Engineers,  Office  of  the  Chief  of  Engineers. 

4.  "Flow  of  Water  in  Drainage  Channels,"  C.  E.  Ramser, 

Technical  Bulletin  No.  129,  November  1929,  U.S. 
Department  of  Agriculture,  Washington,  D.C. 

5.  "Flow    of    Water   in    Irrigation   and    Similar    Canals," 

F.  C.  Scobey,  Bureau  of  Agricultural  Engineering, 
U.S.  Department  of  Agriculture,  Washington,  D.C, 
February  1939. 

'Design  Criteria  for  Interrelated  Highway  and  Agri- 
cultural Drainage  and  Erosion  Control,"  Tentative 
ASAE  Recommendation,  Agricultural  Engineers 
Yearbook,  1958,  American  Society  of  Agricultural 
Engineers. 


B-7.  Slope-Area  Method  of  Computing  Stream- 
flow. — The  slope-area  method  is  utilized  primarily 
to  determine  the  discharge  of  a  stream  from 
specific  field  data.  However,  if  the  discharge  is 
known,  this  method  can  be  used  to  compute  the 
value  of  n.  Field  procedures  required  to  obtain 
needed  data  for  the  slope-area  method  include: 
selecting  a  representative  reach  of  river  channel; 
determining  the  channel  cross  sections  at  each 
end  of  the  selected  reach;  measuring  the  water 
surface  slopes  from  observed  high  water  marks; 
and  selecting  a  suitable  roughness  factor,  n. 

With  these  data,  the  discharge  is  determined  by 
Manning's  formula,  equation  (31),  by  a  trial  and 
error  procedure.  This  procedure  first  involves 
combining  such  factors  as  the  area,  hydraulic 
radius,  and  n  to  compute  the  conveyance  capacity, 
Kd,  for  each  section,  where  the  value  of  Kd  is 
given  by  the  equation: 


K„ 


1.486 


ar 


2/3 


(53) 


6 


From  a  comparison  of  equation  (53)  and  equation 
(31),  it  may  be  seen  that: 


Q=Kds1^ 


(54) 


An   approximate   discharge   is    then   computed 
for  each  section  by  multiplying  the  value  of  Kd  by 
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Tabu    it  8 

\,ilut  0/  n 

0.016  0.017      Smoothed  nam  ml  earth  channels,  free  from  growth,  with  straight  alinemi 

0.020  Smooth  natural  earth  channel*,  free  from  growth,  little  curvature. 

0.02'  Average,  well-constructed,  moderate-sised  earth  channels  In  good  condition 

0.025  Small  earth  channela  in  good  condition,  or  large  earth  channels  with  some  growth  on  banks  or  scat! 

cobbles  in  bed 
0.030  Earth  channels  with  considerable  growth      Natural  streams  with  good  alinement,  fairl\  constant  section 

Large  Roodway  channels,  well  maintained 
0.035  I  fcrth  channels  considerably  covered  with  small  growth      Cleared  but  not  continuously  maintained  fiood- 

ua\  - 
11  niu  0.050       Mountain  streams  in  clean  loose  cobbles      Rivers  with  variable  section  and  somi  on  growing  in 

banks      Earth  channels  with  thick  aquatic  growths 
I  0.075      Rivers  with  fairlj  straight  alinemenl  and  cross  section,  badlj  obstructed  by  small  trees,  \t-r\  little  under- 
brush or  aquatic  grow th. 
11  ion  |{i\ir~  with  irregular  alinemenl  ami  cross  section,  moderate!]  obstructed  by  small  trees  and  underbrush. 

Rivers  with  fairly  regular  alinemenl  and  cross  section,  hea*  Uj  obstructed  !>>  small  trees  and  underbrush 
11  |25  Rivers  with  irregular  alinement  and  cross  section,  covered  with  growth  <>f  virgin  timber  and  occasional 

dense  patches  of  bushes  and  small  trees,  some  logs  and  dead  fallen  ti 
11  150  11  200      Rivers  \\  it  l>  very  Irregular  alinemenl  and  cross  Bection,  man)  roots,  trees,  bushes,  large  logs,  and  other  drift 

<>n  bottom,  trees  continually  falling  into  channel  dm-  to  bank  caving. 


I. 

a 

3. 

1 
"> 

7. 
1 


Channels  in  fine  ura\el 
Channels  in  coarse  gravel 


Tun  1.   It  7      .1  method  of  computing  mean  n  palut  for  n  channel 
by  U.S  Soil  Conservation  Sen  Ice) 

Assume  basic  n 

Select  modifying  "  for  roughness  <>r  degree  <>f  irregularitj 

Select  modifying  'i  fur  variation  in  Bice  and  shape  of  cross  Bection 

Select  modifying  n  fur  obstructions  Buch  as  debris  deposits,  stumps,  exposed  roots,  and  fallen  Ion- 

Select  modifying  »  for  vegetation 

Select  modifying  n  for  meandering 

Add  items  1  through  ti 

n  Si  he/ 1  mi  Varioue  n  Values 
ommended  basic  n  values 

Channels  In  earth 0.  010 

Channels  in  rock 0.  015 

Recommended  modifying  n  value  for  degree  of  irregularity 

Smooth  0.000         Moderate 

Minor  . 0.  nil.")         Severe 

Recommended  modifying  »  value  for  changes  in  size  and  shape  of  cross  section 

Gradual  ...       0.000         Frequent 

Occasional       0.005 

Recommended  modifying  »  value  for  obstructions  such  a~  debris,  1 

Negligible  effect      0.000        Appreciable  effect 

Minor  effect  0.  010         Severe  effect 

Recommended  modifying  "  values  for  vegetation 
Low  effeel  0.005  to  0.010 

Medium  effect  0.010  to  0  025 

Recommended  modifying  »  value  for  channel  meander 

/..     Straight  length  of  reach  L»=  Meander  length  of  reach 

L,  /. 

1.0-1.2  0.000 

1.2-  I  5  11  15  timi 

1.5  0  30  times  n, 

where  »i.  =  item»  1+2+3H  1     5 


0  01  1 

11  niu 


11  niu  to  0.015 


11  1)30 

11  111,11 


High  effeel 
Very  high  effect 


11  n-j:, 
0.050 


to     I 

100 
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the  square  root  of  the  water  surface  slope  obtained 
from  measurements.  Because  of  the  difference 
in  the  cross-sectional  areas  of  the  upstream  and 
downstream  section,  with  consequent  differences 
in  the  velocities  and  velocity  heads,  the  average 
energy  gradient  obtained  will  not  be  parallel  to 
the  water  surface.  An  alternative  trial  discharge 
must  then  be  assumed,  using  an  average  value  for 
Kd,  until  such  values  of  gradient,  velocity  head, 
friction  and  other  losses  become  consistent. 

The  foregoing  procedure  is  illustrated  in  the 
following  example  using  data  taken  by  the  U.S. 
Geological  Survey  on  Touby  Run  at  Mansfield, 
Ohio,  for  the  flood  of  January  30,  1947: 

Example  1 

Problem:  To  determine  the  discharge. 

Given:    (a)  Approximate  bottom  and  observed 
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Figure  8-75.     Hydraulic  jump  properties  in  relation  to  Froude 
number. 


high  water  surface  profiles,  and  locations  and  cross- 
sectional  plottings  of  section  E  (downstream)  and 
section  F  (upstream),  as  shown  in  figure  B-17. 

(b)  n  for  both  sections  equals  0.030. 

(c)  6r=fall  of  water  surface  =  0.22  foot 

(d)  L  =  length  of  reach  =  49  feet. 

(p)  sws= slope     of     water     surface=y==— jg- 

=  0.00449. 

Solution:  First  trial  computations  are  shown  in 
table  B-8. 

Table  B-8. — First  trial  computations  for  example  1 


Section 


E  (DS). 
F  (US). 


80.4 
81.9 


35. 0  2. 29 

35.  2  2.  33 


r-73 


1.737 
1.757 


0.030 
030 


(Eq.  53) 


6900 
7110 


0.00449 
.00449 


S„."2 


0.0671 
.0671 


Q= 

Kit*,™ 


463 

478 


It  is  noted  that  the  area  of  section  E  is  smaller 
than  that  of  section  F,  resulting  in  a  gain  in 
velocity  head  from  F  to  E.  When  the  velocity 
head  at  the  downstream  section  is  greater  than 
that  at  the  upstream  section,  the  average  slope  of 
the  energy  gradient  will  be  flatter  than  the  water 
surface  slope.  The  true  discharge,  therefore,  must 
be  less  than  that  computed  by  the  first  trial.  To 
proceed  with  the  adjustment  of  the  slope  of  the 
energy  gradient  to  make  it  consistent  with  the 
velocity  heads,  the  change  of  velocity  heads 
(h^  —  htj  is  added  algebraically  to  the  observed 
fall.  This  is  illustrated  by  referring  to  figure 
B-18  where  G+K  =hf-\-ht  .     Solving  for  hT, 

h,=  G+(hF-hVi) 

In  this  example,  the  channel  is  contracting  and 
the  turbulence  is  assumed  suppressed;  no  head 
loss  other  than  that  due  to  friction  is  included. 
The  full  amount  of  the  change  in  velocity  head 
(hV2  —  hri),  therefore,  is  added  algebraically.  How- 
ever, if  the  cross-sectional  area  of  E  had  been 
greater  than  that  of  F,  an  expanding  channel 
would  exist.  In  this  case  expansion  losses  would 
be  included,  the  amount  depending  upon  the 
degree  of  expansion.  If  one-half  of  the  change  in 
velocity  head  is  assumed  lost, 

hL=G+0MK-K) 

To  proceed  with  the  example,  alternative  dis- 
charges   are    assumed    by    successive    trials    until 
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Figurt  B-16.      Relation  between  variables  in  the  hydraulic  jump. 
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the  assumed  and  computed  discharges  are  equal. 
This  process  is  illustrated  in  table  B-9. 

An  analysis  similar  to  that  applied  in  the  pre- 
ceding slope-area  method  of  computing  discharge 
can  also  be  used  to  determine  an  n  value.  This 
requires  a  known  discharge  such  as  may  be  avail- 
able from  the  records  of  a  gaging  station  within  a 
reasonable  distance  from  the  site.  To  determine 
n,  the  Manning  formula,  equation  (31),  is  expressed 
as  follows : 

1.486ar2/3sws1/2 

n= Q 

All  the  components  on  the  right-hand  side  of  the 
equation  are  determined  by  field  measurements  as 
in  the  preceding  example.  In  this  application  the 
slope  of  the  water  surface  can  be  reasonably  sub- 
stituted for  that  of  the  energy  gradient,  since  the 
square  roots  of  these  slopes  are  approximately 
equal. 

B-8.  Development  of  Rating  Curves. — (a)  Ap- 
proximate Method. — The  field  data  required  for 
development  of  a  rating  curve  are  similar  to  those 
used  in  a  slope-area  analysis.  A  determination 
must  be  made  of  the  hydraulic  properties  for  the 
section  under  consideration.  This  can  be  done  by 
field  measurements  of  the  cross  section  by  sound- 
ings; by  a  survey  to  determine  either  the  water 
surface  or  channel  bottom  slopes;  and  by  the 
assignment  of  an  n  value  for  the  affected  area. 

When  the  economics  of  the  project  will  not  allow 
detailed  field  measurements  to  be  taken,  the  de- 
velopment of  the  curve  should  be  made  from  what- 
ever pertinent  data  are  available.  A  topographic 
map  might  be  used  for  determining  the  cross 
section  and  possibly  the  channel  bed  profile. 
Other  sources  of  information  might  provide  data 
from  which  a  selection  of  an  n  value  can  be  made. 

Figures  B-19  and  B-20  and  table  B-10  illustrate 
the  preparation  of  a  rating  curve  from  a  topo- 


graphic map.  The  procedures  shown  are  also  ap- 
plicable if  the  cross  section  of  the  stream  is  deter- 
mined from  field  survey.  First,  the  centerline  of  the 
dam  was  located  on  the  topographic  map  available 
for  the  area,  as  shown  in  (A)  of  figure  B-19.  The 
cross  section  in  (B)  was  then  developed  by  scaling 
the  distances  between  contours  on  the  map.  The 
low  point  in  the  streambed  was  determined  by 
interpolation  between  contours.  The  mean  bed 
slope  of  the  stream  was  obtained  from  map-scaled 
measurements  of  distances  between  contours  cross- 
ing the  stream  channel.  A  value  of  n  of  0.030  was 
selected  on  the  basis  of  various  descriptions  and 
field  observations  that  a  considerable  growth  of 
vegetation  was  present  in  a  stream  of  relatively 
straight  alinement.  The  computations  were  then 
performed  as  shown  in  table  B-10. 

The  conveyance  capacity  method  illustrated 
under  the  slope-area  method  has  been  utilized  in 
the  computations.    From  the  hydraulic  properties 

Table  B-10. — Computations  for  tail  water  rating  curve 

ELK    CREEK    DAM 

Data:  n=0.030         sb=  mean  bed  slope=  0.00395 
c=  L486=49  53    S6,/2=  0o628 


Elevation 

a 

P 

r 

T2/3 

C 

Kt 

S41'2 

Q 

26.2 

0 
95 
400 
753 
1160 
1610 

0 

50.6 
75.1 
87.6 
99.2 
111.7 

0 

1.88 
5.32 
8.60 
11.70 
14.40 

0 

1.523 
3.047 
4.198 

5.154 
5.919 

30 

49.53 
49.53 
49.53 
49.53 

49.53 

7,170 

60.400 

156,  000 

296,  000 

472,  000 

0.  0628 
.0628 
.0628 
.0628 
.0628 

450 

35  

3,790 

40  

9,800 

45. 

18,600 

50 

29,600 

for  the  section  and  an  n  of  0.030,  the  conveyance 
capacity,  Kd,  is  computed  for  various  elevations. 
These  are  multiplied  by  the  one-half  power  of  the 
channel  bottom  mean  slope  to  compute  the  dis- 
charge (equation  (54)).  The  tailwater  rating 
curve  derived  from  the  computations  is  shown  in 


Table  B-9. — Check  computations  for  example  1 
[Using  average  Kd  value  from  table  B-8  =  7005] 


Section 

V 

Ik, 

d. 

,-»,,) 

A/=G+(A. 

-A.,) 

-1 

»VI 

*'.... 

Q=Kiatts"- 

Assume  Q=460  second-feet 

E 

5.73 
5.62 

5.61 
5.50 

0.51 
.49 

.49 
.47 

-0.02 
-  .02 

0.20 
.20 

0. 00408 
.00408 

0.  064 

.064 

7005 
7005 

F  

448 

Assume  Q= 450  second-feet 
E 

Too  small. 

P.. 

448 

OK. 
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figure  15  20. 

I,  Water  Surfaet  PrqfiL  Method.  In  studies 
where  more  exact  tailwater  curves  are  required, 
water  Burface  profiles  may  be  developed  for  vari- 
ous discharges  The  computations  in  Buch  studies 
me  more  involved  and  require  a  series  of  ( a 
seetii»iis  downstream  from  the  dam  Bite 

Numerous  methods  [I,  2,  8,  9]  have  been  «!<■- 
eeloped  foi  computing  water  surface  profiles;  how- 
ever,  f<»r  n   quick   study   Leach's  method   may   he 

applied.  This  method  i-  particularly  adaptable  to 
irregular  channels  flowing  in  reaches  of  relatively 
uniform  channel  bed  slopes  hut  not  having  exces- 
sive changes  in  cross-sectional  characteristics. 
When  these  conditions  exist,  velocity  head  changes 
and  turbulence  losses  can  reasonably  be  neglected. 

Other  met  hod-  [2,  8]  are  he t  tec  suited  to  water  sur- 
face profile  computations  accounting  for  velocitj 
head  changes  and  turbulence  losses  in  Bernoulli's 


energy  equation  a-  applied  to  open  channel  flow 
In  Leach's  method  a  number  <>f  cross  sections 

are  selected  at  intervals  below  the  dam  -He      Field 

data  similar  to  those  required  for  discharge  com- 
putations l>\  th.  slope-area  method,  as  discussed 
in  Section  11  7,  arc  required 

The  following  example  Bhows  the  procedure  re- 
quired for  establishing  rating  curve  by  Leach's 

met  hod  : 

Four  sections  designated  A,  B,  (      I » 

are  selected  at  intervals  along  the  Btream,  and 

the  hydraulic  properties  of  these  sections  are 

determined. 

(2)  A  rating  curve  for  the  lowermost  i 

section,  section  A,  is  determined  hy  the  ap- 
proximate method  described  in  (a)  of  this 
section  of  the  appendix, 

(.'*)  A   conveyance  curve   is   prepared    for 


Figure  B-17.      Profile  and  cross  sections — Touby  Run,  Mansfield,  Ohio 
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Figure  5-78.     Bernoulli's  theorem   applied   to  the  solution   of 
example  1. 

each   section,   similar   to    the   one   shown   in 
figure  B-21  for  section  B. 

(4)  Water  surface  profiles  are  computed  for 
at  least  four  discharges  to  define  the  required 
tailwater  curve.  The  computations  shown  in 
table  B-ll  are  for  $=500  second-feet. 

Table  B-ll. —  Water  surface  profile  computation — Leach's 
method 

TICK    TOCK    CREEK 


1 
Station 

2 

Eleva- 

3 
Kd 

4 

Avg. 
Kd 

5 
L 

6 

(    Q    V 

h, 

8 

Eleva- 

Vavg.  Kd/ 

For  Q= 

>00  secon 
1620.  0 

1620.8 

1621.9 

1623.2 

d-feet 
7,500 

8,200 

8,500 

7,700 

1620.0 

Section  B  . 

7,850 

200 

0.00406 

0.81 

1620.  81 

Section  C 

8,350 

300 

.00359 

1.08 

1621.89 

Section  D  .. 

8,100 

350 

.00382      1.34 

1623. 23 

example,  it  is  assumed  as  1620.8  and  the  cor- 
responding Kd  value  is  read  from  figure  B-21 
and  listed  in  column  3. 

(7)  Column  4  shows  the  average  Kd  values 
of  successive  reaches  between  cross  sections. 

(8)  The  length  of  successive  reaches  be- 
tween cross  sections  is  entered  in  column  5. 

(9)  The  slope  of  the  energy  gradient  is  com- 
puted from  equation  (54)  as  expressed  in 
column  6,  using  the  average  Kd  value  of 
column  4. 

(10)  The  head  loss,  hf,  in  column  7,  is  com- 
puted by  multiplying  the  values  in  columns 
5  and  6. 

(11)  The  elevation  in  column  8  is  deter- 
mined by  adding  the  value  of  column  7  to  the 
preceding  amount  of  column  8.  Thus  in  the 
example,  for  section  B,  0.81  + 1620.0=  1620.81. 
The    computations    are    complete    when    the 


1  OF 
ELK    CREEK 
OAM 


(A) 


(5)  Section  A,  the  farthest  downstream 
section,  is  the  starting  point  of  the  profile 
computation.  The  water  surface  elevation 
1620.0  in  column  2  was  taken  from  the  pre- 
viously determined  rating  curve  for  that 
section  (not  shown).  The  Kd  value  was  read 
from  the  conveyance  capacity  curve  at  eleva- 
tion 1620  for  section  A  (not  shown)  and 
entered  in  column  3.  The  same  elevation 
shown  in  column  2  is  entered  in  column  8. 

(6)  A  water  surface  is  then  assumed  for  the 
next   section   upstream,    section   B.     In    the 
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Figure  B-19.     Plan  and  cross  section  of  Elk  Creek  Dam  site. 
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elevation!  in  columns  2  and  s  are  equal. 
Generally,  the  balance  is  considered  satisfac- 
tory when  the  difference  in  the  values  of 
columns  2  and  B  does  not  exceed  0.1  f<»<>t  If 
the  balance  is  not  obtained  on  the  first  try, 
other  trial  elevations  are  made  until  a  satis- 
factory answer  results.  The  computations 
then  proceed  to  the  next  upstream  station, 
section  C,  and  the  same  procedure  is  repeated 
beginning  with  a  trial  elevation  at  thai 
section. 

i  _■  i  The  computations  are  repeated  for  at 
least  three  other  discharges  ti>  develop  a  num- 
ber of  water  surface  profiles. 

i  ;>  The  rating  curve  for  section  1>  is 
plotted  from  the  various  water  Burface 
profiles. 

This  method  of  determining  a  rating  curve  is 
more  reliable  than  the  approximate  method  pre- 
viously described,  because  if  section  A  does  not 
typify  the  average  of  the  stream  regime  the  varia- 
tions are  recognized  as  the  profiles  are  continued 
upstream  Tins  may  be  demonstrated  by  chang- 
ing the  rat  ing  curve  used  for  section  A  in  the  a  hove 

example  and  repeating  the  computations.     It  will 

l<e  found  that  a  considerable  change  in  the  rating 
curve  for  section  A  will  make  less  difference  in  the 

rating  curve  for  section  I). 

B-9.  Critical  Flow.  The  hydraulic  analysis  of 
Mow  in  open  channels  hecomes  more  complex 
when  critical  conditions  can  occur  at  some 
point  along  the  river  reach  under  consideration. 
The  conditions  of  critical  How  can  he  commonly 
observed  at  a  "control"  section  in  the  channel. 
Such  controls  occur  at  locations  where  there  i<  a 
material  change  in  the  cross  section  causing  a 
constriction  of  the  (low.  These  constrictions 
may  be  natural,  or  artificial  such  as  bridges. 
Another  cause  may  he  significant  changes  in 
the  bottom  grade.  The  How  observed  below 
critical  sections  is  usually  in  a  mild  or  possibly 
high  turbulent  Btate  depending  on  the  degree  of 
control.  Vortices,  eddies,  cross  currents,  and 
large  standing  waves  are  some  of  the  characteris- 
tics indicating  such  How  conditions.  A  field  re- 
connaissance  of  the  hydraulic  reach  under  investi- 
gation should  include  the  location  of  miv  critical 
sections 

The    probable    existence    of    critical    flow    at     a 
i  ion  is  evident  in  u  ater  surface  profile  computa- 
tions when  a  balance  of  Bernoulli's  energy  equa- 
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Figure  fi-20.      Tailwater  rating  curve  tor  Elk  Creek  Dam. 


tion  cannot  he  attained      A  preliminary  check  for 

critical  How  can  he  made  by  comparing  the  trial 
velocity  with  the  critical  velocity,  as  given  in 
equation  (14).  When  the  velocity  exceeds  vm  it 
can  be  assumed  that  a  control  exists  Other 
methods  may  he  used  for  checking  critical  flow, 
hut  they  are  not  discussed,  Bince  all  air  based  on 
different  ways  of  analyzing  equation    7 

When  the  depth  of  How  is  greater  than  critical 
depth  throughout  the  reach  of  channel  under  con- 
sideration, and  a  control  point  either  upstream  or 
downstream  from  the  reach  is  not  evident  or 
suspected,  the  normal  procedure  is  carried  out  a 
rating  curve  is  developed  for  the  lowermost  Beet  ion 
and  computations  for  water  surface  profiles  are 
made  proceeding  upstream. 

If  a  control  point  is  downstream  from  the  reach, 
the  computation-  should  begin  at  this  point  and 
proceed  upstream  When  the  control  point  i- 
within    the    reach,    the   critical    depth    elevation    i- 

determined  and   the  hydraulic  properties  of  the 

cross  section  where  this  elevation  occurs  are  used 
to  continue  the  computations  upstream. 

A  control  point  upstream  from  the  reach  can 
become  a  special  problem  depending  on  the  degree 

of  influence  it  has  on  the  downstream  How  con- 
ditions.    If  us  influence  is  effective  beyond  the 

next  dou  nst  ream  section  such  that  a  hydraulic 
jump  OCCUrS  somewhere  in  the  reach,  the  analysis 
necessary    to   define    the    water   surface    profiles 

beyond  the  Bcope  of  this  appendix      Generally,  in 
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Figure  B-21.     Conveyance  curve  for  section  B — Tick  Tock  Creek. 


most  river  stretches  the  flow  conditions  revert  to 
the  tranquil  state  as  observed  at  the  next  down- 
stream section,  indicating  the  flow  depth  has  be- 
come greater  than  the  critical  depth.  Standing 
waves,  vortices,  and  turbulent  eddies  are  charac- 
teristic of  the  flow  below  this  control  point. 
With  these  conditions  prevailing,  the  elevations 
for  critical  flow  at  this  point  may  be  used  as  the 
upstream  limit  of  the  computations  for  the  water 
surface  profiles. 


The  above  discussion  involves  the  analysis  of 
critical  flow  as  applied  to  water  surface  profile 
computations.  It  may  be  required  to  develop  a 
critical  rating  curve  for  a  control  section  which  is 
located  at  or  near  the  dam  site.  In  this  event,  the 
critical  velocities  are  computed  by  equation  (14) 
and  multiplied  by  the  area  to  determine  the  dis- 
charge. This  is  done  for  several  elevations  and  a 
curve  of  critical  flow  stage  versus  discharge 
plotted. 
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Structural  Design  Data 

C.  J.  HOFFMAN  AND  P    K    BOCK  ' 


C-1.   Introduction.      This    Appendix     presents 

structural  design  data  peculiar  to  hydraulic  struc- 
tures for  the  design  of  concrete  appurtenances  to 
small  dams.  It  is  presumed  that  the  user  of  this 
taxi  is  familiar  with  reinforced  concrete  design 
tif  a  general  nature  or  that  he  will  consult  other 

text-  for  information  on  this  subject.  A  major 
portion    of    this   appendix    is   concerned    with    the 

design  of  reinforced  concrete  conduits  for  use  as 

spillways  or  outlet  works  under  or  through  small 
earthlill  dams. 

C-2.    Earth    Pressures    on    Retaining    Walls.      Fig- 

nre  C  I  presents  a  method  for  obtaining  active 
earth  loads  on  retaining  walls  when  the  properties 
of  the  fill  material  behind  the  wall  aie  known. 
The  curves  are  based  on  Coulomb's  theory  of 
active  earth  pressure  against  retaining  walls  [1].-' 
In  applying  ( Coulomb's  theory,  the  angle  of  friction 
between  the  earth  and  the  hack  of  the  wall  has 
been  assumed  equal  to  zeio.  Detailed  discus 
of  methods  available  for  determining  earth  pres- 
sures and  designing  retaining  walls  can  he  found 
in  many  texts  [1,  2,  .],  4).  Complete  designs  for 
retaining  walls  under  l()  feet  in  height  are  giver 
in   a    Portland   Cement    Association   bulletin   [o]. 

C-3.  Allowable  Bearing  Values  for  Structure  Foot- 
ings. Table  C-i  gives  suggested  allowable  bearing 
values  for  footings  of  structures  appurtenant  to 

-mall  dam-  These  values  are  based  on  an  evalu- 
ation of  several  sources  of  published  data  [1 .  li.  7]. 
in  the  light  of  the  problems  peculiar  to  hydraulic 
structures.  The  allowable  bearing  values  listed 
for  foundation-  of  soils  are  smaller  than  are  gen- 
erally given  in  building  codes  and.  with  the  excep- 
tion of  the  gravels,  vary  according  to  the  relative 

1  Kmliwa,  BpWwajpa and  Outlet  w..rk*  Bcctlon,  Bateau  ol  Reclamation 
1  Numben  in  bracket]  rate  to  Item*  In  the  bibliography,  section  I 


O—  60- 


density  and  relative  consistency  of  eohesionless 
and  cohesive  Boils,  respectively,  rather  than  with 
t  he  soil  classifical  ion  group. 

C-4.    Precast   Concrete   Pipe   Conduits.        I 

eral.     When  precast   concrete  pipes  are  used  for 

outlet  works  conduits  (or  for  spillways)  under  or 

through  earthfill  dam-,  they  should  be  bedded  in  a 

concrete    base    as    Bhown    on    figure    C  2      The 

primary  purpose  of  the  concrete  base  is  to  prevent 
percolation  along  the  underside  of  the  pipe  where 
tightly  compacted   earth   bedding  is  difficult    to 

obtain.  For  this  reason  the  concrete  base  should 
be  placed  concurrently  with  or  after  the  pipe  is  in 
position. 

Cutoff  collars  should  be  provided  to  prevent 
percolation  along  the  pipe.  These  collars  should 
be  identical  to  those  used  with  cast-in-place  con- 
crete conduits,  as  discussed  in  section  235  b 

Precasl  concrete  pipe  joints  should  have  rubber 
gaskets  and  the  joints  should  not  be  filled  with 
grout,  so  that  greater  flexibility  will  be  provided 
should  settlements  due  to  superimposed  embank- 
ment loads  occur.  For  similar  reasons  joints 
should  be  provided  in  the  concrete  base.  The 
longitudinal  reinforcement  should  not  extend 
through  the  joints  in  the  base,  and  the  joint  loca- 
tions should  coincide  with  the  pipe  joint- 
ly  Design  of  Precast  ConereU  Pipe.    -Whenpre- 

Cast  concrete  pipe  is  used  for  outlet  works,  it 
should  be  designed  for  internal  pressure,  super- 
imposed embankment  loads,  and  a  combination  of 
the  two  as  conditions  require.      The  embankment 

loads    should     be    computed     in     accordance    with 
Marston's  theory,  as  described  in  section  235(d 
The  precast  concrete  pipe  should  be  assumed  a-  a 
rigid  conduit        In  determining  embankment  loads 
for   design    purposes,    the    projection    condition    i- 
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CASE  (o): 


__i_ 


P=  KQ    2 
where   K-  is  obtoined  from  chort  below, 
for/J  is  0  and   w   is  the  weight  of 
backfill   in   lbs    per  cubic  foot. 


DESIGN  OF  SMALL  DAMS 


Ph    and   Pn    computed    obove  point 
as  m   case  (c) 

P3  =  (^)h5    where 
p    =K0wh2  and    ph  =  K.  wh 


Ps  is  applied  at  -j- 


h,    /2p,  +  P, 


obove  base 


where  K0  is   obtained   from  chart  belom 
for  /3  >0 


CASE  (•): 
w~.i 


_*tttti-*i 


L-.tJ._Pi 


n<- 


For    uniform    surcharge,  convert   to 
equivalent    height  of   fill   h' 

Then  R, ;  (  h"*    h  )  h  where 


P4  is  applied   at    ■§-(   pL.  ^h<)ab 


P    same   as  for  case  (a) 
p  -  k    "J_? 

where  KQ  is    obtained  from  chart  below, 
for    appropriate    value  of   e 


Py  : 


Mte" 

8Pn 


NOTE    For   fully   saturated    pervious    backfill    or    backfill   retaining    water: 

Vertical   unit   weight=unrt  weight  of  dry  fill  plus  62  5  lbs   per   cu    ft 

x   percent    of  voids  in   the    fill 
Horizontal  unit   pressure    p  =  full    hydrostatic    pressure    plus   04  of 
dry   equivalent   fluid    pressure. 


If  stem  is  subjected  to  hydrostatic  load    on  the  channel  side,ossume  fill  has 
shrunk    away   from    wall    and     check    stem    design    for   hydrostotic 
load    only,  using   allowable    steel    stress    of  I  4  fs 


VALUES  OF  e 

Wall    slopes   oway   from  fill-J»j<--Wall  slopes   info  fill 


t     1.3     14      I.     16     17        8     19    .0 


of   internal  friction 

m    Coulomb's    equations 
ee  Terzaghi  -"Theoretical   Soil 
Mechanics"  p.  80) 


Wall    slopes   away   from  fill-4*-Woll  slopes  into  fill 

VALUES    OF    6    (tor   cohesionless  earth  backfill) 

Pressure  coefficients  for  eorthfill  loads  on  walls 
Figure  C— 7.     Earth  pressures  on  retaining  walls. 
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Tabu  < '   l      8uqg*  t"l  allowabL 


\i  ttarial 

Con. im. mi 

pound 

N'uml 
blom 

fool 

Alio.. 

pat 

Bound  ( in  in. .  r  rru.  > 

• 

Bound  (mini 

M 

otmd 

n 

in 

■ 

4 

LOOM 

'I 
a> 

40 

n 

17 

C.iIii-i 

Medium 

H 

1 

0 

- 

M 

n 

2 

Baturati                                                            M.  BC,  ML,  CL,  Mil. 

en 

Boll 

Still 

Hard 

i 
1 1..  in 

II  to  X 

1  n 

\  Unci  irr  for  bundatloni  thai  arc  almoat  or  completely  ■Unrated  durtni  the  construction  period     Bearing  •  third  if  the 

bund  .  treaty  dry,  proTkted  thai  tin-  criteria  green  in  fig.  Ill  for  "no  treatment  required"  :ir..  mat. 

••  K..|iur.—  compaction 


I'   p.pe  ii  laid  m  trench  eacavotion, 
working   space  of  no1   less  than  .a* 
ihoil    be  provided   on  each  side  of  pee 


Concrete  bo»e 

5  0 

Reinforcement  '  >--!.      ■■' •;?•     •        "I  ■ 

■*       6    For  is  pipe 
'  and    smoiler, 

a'  for   pipe  larger 
tnon  36' 


Figure  C-2.      Precast  concrete  pipe  on  concrete  base  for  conduit 
under  or  through  earthfill  dams. 

most  likely  to  govern.  The  various  conditions  of 
densities  of  material  and  settlements  in  foundation 
and  embankment  must  be  given  due  consideration. 

It    is    well    to   remember   that    even   where   natural 


ground  and  embankment  have  equal  densities,  the 

settlements    in    constructed    emhankment    will    he 
greater  than  in  the  natural  foundation. 

Precast  concrete  pipe  and  reinforcement  should 
he  designed  in  accordance  with  the  formulas  and 
unit  stresses  given  below.  The  formulas  for  the 
moments,  shears,  and  thrust  arc  based  on  bulb- 
like  distribution  of  earth  pressures  [8].  Figure 
I  I  -how-  the  location  of  the  critical  design  - 
tions  and  the  notations.  Dimensions  r.  rt,  t.  and 
//  in  the  formulas  tire  in  feet  ;  U  total  earth  load 
on  the  pipe  in  pounds  per  linear  foot,  .\/  =  moment 
in  foot-pound-,  S  shear  in  pounds,  and  T= 
thrust  in  pounds 

-  ction  l:  M     ll.v-7    24/7Y-0 .126i  M 
/       •  L95ri     5  >•    2 i  W 

Section  2:    .\/      •  vw-v  |  17,,  -  ■  0.089j   H 
/  -  j        0  5  19  II 

Section    \:  S         244  •     "■  0  273  W 

T  due  to  hydrostatic   pressun 
2  \>    // 
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Hydraulic   gradient---". 

1 


\" 


-  Total    earth   load   on  pipe 


Section  (2)-Max    moment 
giving   tension    stress  i* 

on   outside   face-. 


,®. 


Section  \U  -Max   moment 
giving  tension  stress 
on  inside  face "' 


Stresses  indicated 
above  are  positive 


Figure  C-3.     Location  of  critical  sections  in  design  of  precast 
concrete  pressure  pipe. 


The  pipe  shell  thickness  and  the  reinforcement 
should  be  proportioned  on  the  basis  of  the  follow- 
ing design  stresses: 

Concrete  Design  stress,  pounds  per  square  inch 

Ultimate  strength  of  concrete, /c'_ 3,500  4,500  6,000 

Flexure,   allowable   extreme    fiber  stress   in 

compression,  fc 1,575  2,025  2,700 

Shearr 105  135  135 

Bond,  plain  bars  u 210  250  250 

Bond,  deformed  bars  u 350  350  350 


Reinforcing  steel:  Reinforcement  bars  should 
conform  to  Federal  Specification  QQ-B~71a,  type 
A  or  B.  Allowable  tensile  stress/s= 20,000  pounds 
per  square  inch  for  combined  moment  and  thrust 
when  part  of  the  section  is  in  compression.  When 
entire  section  is  in  tension,  or  when  considering 
bursting  stresses  due  to  hydrostatic  pressure  alone, 
/,  should  not  exceed  16,000  pounds  per  square 
inch  for  hydrostatic  heads  up  to  50  feet. 

Concrete  pipe  should  be  manufactured  in 
accordance  with  ASTM  Specifications  (Designa- 
tion C361-57T) .  The  pipe  shell  thickness  selected 
should  be  in  accordance  with  these  specifications 
since  most  manufacturers  have  pipe  forms  for  the 
thicknesses  specified  therein.  Should  design  re- 
quirements require  shell  thicknesses  greater  than 
available  for  precast  concrete  pipe,  it  would  be 
desirable  to  use  cast-in-place  type  of  construction. 

Table  C-2  gives  minimum  hoop  reinforcement 
and  nominal  wall  thickness  for  reinforced  con- 
crete pressure  pipe  from  12  inches  to  96  inches  in 
diameter  and  for  overfills  of  up  to  20  feet  above 
the  top  of  the  pipe.  In  each  case  the  internal 
pressure  is  taken  as  equal  to  25  feet  of  head 
measured  to  the  centerline  of  the  pipe.  Although 
this  table  was  developed  for  the  design  of  precast 
concrete  pressure  pipelines,  it  may  be  used  for  the 
design  of  precast  concrete  pipe  conduits  under 
earthfill  dams. 


Table  C— 2. — Reinforcement  and  wall  thicknesses  for  reinforced  concrete  pressure  pipe  for  12-inch  through  96-inch  diameter 


Minimum  hoop  reinforcement  in  square  inches  per  linear  foot  of  barrel 

Internal  diameter  of  pipe  in  inches..  

12 

15 

18 

21 

Circular 

Circular 

Circular 

Elliptical 

Circular 

Elliptical 

N  ominal  wall  thickness,  inches _  _  _ 

2 

3 

2 

3 

2» 

3 

2U 

3 

23- 

3 

25s 

3 

Layers  of  reinforcement 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

CLASS 
A-25 

0.10 
.10 
.13 
.16 

0.10 
.10 
.10 
.11 

0.12 
.14 
.19 
.25 

0.12 
.12 

.14 
.17 

0.15 
.18 
.24 
.32 

0.15 
.15 
.19 
.24 

0.24 
.24 
.24 
.25 

0.24 
.24 
.24 
.24 

0.18 
.23 
.32 

.42 

0.18 
.19 
.26 
.32 

0.27 
.27 
.27 
.31 

0.27 

B-25 

.27 

C-25 

.27 

D-25 

.27 
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T  a  hi  i    ('  -      /.'•  ii  '    cement  and  wall  thicl  ■  eh  thruugh  96-ineh 

diat  intinued 


M  ininium  1 

•inurd 

Interi                       (  I'H"  i"  In 

M 

Kiln  ■ 

;  Ileal 

N'omiri  ll  «  til  Ihll  klV          D.I  '■■■ 

3 

SM 

35 

ii  11 

II 

0  JO 

87 

. 

35 
II 

- 

II    IS 

. 

030 

M 
30 

0  39 

<i 

3V 

• 

30 

1'  .' 

30 

Minimum  hoop  relnfon 

Ilameter  ol  pipe  in  Inchi 

IB 

Tjrpe  ol  reinforcement 

Circular 

Bill] 

■il.ir 

Bllli 

Nomlnul  wall  thickness,  Inches 

31, 

w 

4 

t 

•  r  reinforcement 

Single 

Inner 

Outer 

Single 

Inner 

single 

18 

(1.25 
.31 

as 

n  18 
17 
17 

20 

n  t.i 
so 

ii  18 

ii 

H   14 
79 

ii  :n 

34 
45 

23 

ii    t: 

47 

«: 

. 

47 



47 

Minimum  hoop  reinforcement                                            ot  of  barrel 

Intrmul  diameter  »f  pipe  In  Inches 

39 

42 

T\  pe  ol  reinforcement 

Circular 

Elliptical 

Circular 

Elliptical 

Nominal  wall  thickness,  Inches 

3M 

4'. 

4W 

3»4 

>f  reinforcement 

Inner 

Outer 

Inner 

Outer 

Single 

Bingle 

Inner       inner 

Inner 

1 1  \~- 

C-25 

0.27 
37 
50 

0.20 

-• 

n  88 

.17 
.40 

.- 

51 

ii  -i 
51 
II 

•■l 

23 
80 

43 

0  30 
1 

■" 

55 

0  55 
88 

Minimum  hoop 

reinforcement  in  ^ 

.rrel 

Internal  'ii  imetei  ol  pipe  In  Im  i  • 

18 

18 

Type  of  reinforcement 

Clrct 

ilar 

Ellii 

Kill, 

Nomina]  trail  thickness,  Inches 

a 

- 

I   • 

of  reinforcement. 

Inner 

Inner 

Oilier 

Single 

Inner 

Inner 

Single 

1 1  \" 

18 

• 

. 
18 

30 

0  59 

80 
.80 

59 

•• 

29 

- 

30 

• 
- 
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Table  C-2. — Reinforcement  and  wall  thicknesses  for  reinforced  concrete  pressure  pipe  for  12-inch  through  96-inch 

diameter — Continued 


Minimum  hoop  reinforcement  in  square  inches  per  linear  foot  of  barrel 

Internal  diameter  of  pipe  in  inches 

51 

54 

Circular 

Elliptical 

Circular 

Elliptical 

4H 

m 

454 

5V4 

4 

A 

h\i 

m 

5H 

Layers  of  reinforcement 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

CLASS 
A-25 _ 

0.39 
.51 

.74 
.97 

0.29 
.31 
.42 
.53 

0.45 
.49 
.55 
.70 

0.37 
.33 
.30 
.37 

0.67 
.67 
.74 
.97 

0.67 
.67 
.67 
.70 

0.42 
.53 
.76 

1.00 

0.32 
.32 
.43 

.55 

.48 
.52 
.59 
.74 

0.40 
.36 
.32 
.39 

0.70 
.70 
.76 

1.00 

0.70 

B-25 

70 

C-25 

.70 

D-25 

.74 

Minimum 

hoop  reinforcement 

in  square 

inches  per  linear  foot  of  barrel 

Internal  diameter  of  pipe  in  inches 

57 

60 

Type  of  reinforcement 

Circular 

Elliptical 

Circular 

Elliptical 

Nominal  wall  thickness,  inches 

4 

4 

554 

494 

m 

5 

6 

5 

6 

Layers  of  reinforcement . 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

Inner 

Outer 

Inner 

Outer 

Single 

CLASS 
A-25 

0.44 
.54 
.79 

1.03 

0.34 
.33 
.46 
.57 

0.52 
.56 
.62 
.78 

0.42 
.38 
.34 
.41 

0.74 
.74 
.79 

1.03 

0.74 
.74 
.74 
.78 

0.47 
.56 
.82 

1.07 

0.35 
.34 

.47 
.59 

0.55 
.59 
.65 
.83 

0.45 
.41 
.35 
.44 

0.78 
.78 
.82 

1.07 

0.78 

B-25 

.78 

C-25 

.78 

D-25 

.82 

Minimum 

hoop  reinforcement 

in  square  inches  per  linear  foot  of  barrel 

Internal  diameter  of  pipe  in  inches _- 

63 

66 

Type  of  reinforcement.  ...  .     . 

Circular 

Elliptical 

Circular 

Elli 

ptical 

Xominal  wall  thickness,  inches 

5H 

654 

5H 

6H 

5H 

6h 

5H 

654 

Layers  of  reinforcement.  ..  .. 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

CLASS 
A-25 

0.49 
.58 
.85 

1.10 

0.37 
.35 
.49 
.61 

0.58 
.63 
.68 
.87 

0.48 
.43 
.38 
.46 

0.82 

.82 
.85 
1.13 

0.82 
.82 
.82 
.87 

0.51 
.60 
.87 

1.14 

0.39 
.36 
.50 
.64 

0.62 
.66 
.72 
.91 

0.50 
.46 
.40 
.49 

0.86 
.86 
.87 

1.20 

0.86 

B-25.   

.86 

C-25 _ 

D-25 

.86 
.91 

Minimum  hoop  reinforcement  in  square  inches  per 

linear  foot  of  barrel 

Internal  diameter  of  pipe  in  inches. 

69 

72 

78 

Type  of  reinforcement.. 

Circular 

Elliptical 

Circular 

Elliptical 

Circular 

Nominal  wall  thickness,  inches 

5?4 

6?4 

534 

m 

6 

7 

6 

7 

6« 

7M 

Layers  of  reinforcement 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

Inner 

Outer 

Inner 

Outer 

Single 

Single 

Inner 

Outer 

Inner 

Outer 

CLASS 

A-25   

0.53 
.62 
.89 

1.18 

0.40 
.38 
.51 
.66 

0.64 
.69 
.74 
.95 

0.52 
.47 
.42 
.51 

0.90 
.90 
.91 

0.90 
.90 
.90 
.95 

0.55 
.68 
.98 

1.31 

0.41 
.42 
.56 

.    73 

0.67 
.71 
.80 

1.05 

0.53 
.49 
.45 
.57 

0.98 
.98 
.98 

0.98 
.98 
.98 

1.05 

0.59 
.72 
1.03 
1.39 

0.43 
.44 

.59 

.78 

0.72 
.77 
.86 

1.15 

0.58 

B-25 

.53 

C-25 

.48 

D-25 

.62 
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Tun  i  I     -'      /.'■  •  "it at  and  null  tkicktuuet for  reii 

diai  mtinued 


Miiiniiuiii  hoop  rciiifnt                                                                                 uttI 

Iiiti-rn.il  -li  tmetM  "1  pip*  I"  m.t>.  « 

M 

H 

M 

Clrrul.ir 

uUr 
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Nominal  wall  thleknrM,  Inchw 

7 

- 
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l 

llllHT 
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4? 
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oin.r 
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lnii.r 

•  Mil"  f 

0  A3 

0  ;; 

1.08 

1  47 

• 

- 

.92 

0  M 
.99 
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87 

i,  86 
.89 
l  || 

II 

.88 

.88 

an 

w 

1.06 

I  39 

.89 
.82 

:: 

.88 

1    IV 

o.so 
.a 

8» 

0  99 
1.06 

1  13 

- 

74 

• 

sort     Di-ii'ii  in. .a-   v   B  '     md  D  (or  oIim  of  pipe  denote  6, 10, 16,  and  30  feet  of  oon  tj     The  anniber  "38"  far  olaa  of 

nn  bydi  'i"'  heid  In  tool  measured  to  rwntorHnT  ol  pipe 


C-5.    Cast-in-Place  Concrete  Conduits.      This  B6C- 

ikiii  presents  wall  thicknesses  and  required  rein- 
forcemenl  for  csst-in-place  circular  conduits  with 
flat  bases.  The  details  are  f<>r  conduits  w  ith  inside 
diameters  ranging  from  '-'  to  10  feet.  The  con- 
duit-- have  been  designed  for  loads  resulting  from 

till-  whose  sulfates  are  from  20  t<>  50  feel  above  the 

top  of  the  conduits,  and  for  the  interior  hydro- 
static pressures  which  could  exist  in  conduits  in 
combination  with  till  loads.  Details  for  inter- 
mediate conduit  diameters  and  fill  heights  not 
shown  in  the  tables  can  he  obtained  by  interpola- 
tion The  thickness  of  the  conduit  wall  should  be 
interpolated  between  values  shown  in  the  tables 
bj  assuming  a  straight  line  variation  for  both  fill 
height  and  diameter.  The  reinforcement  shown 
for  the  next  larger  conduit  diameter  in  combina- 
tion   with    the   next    higher   fill   loading  should    he 

used 

The  conduits  have  been  designed  and  tables 
prepared  for  two  conditions  of  loading.  Details 
given  in  table  C-3  are  based  on  the  assumption  of 
no  internal  pressures  inside  the  conduits,  and  the 
conduits  have  been  designed  to  resist  fill  loads 
only  Details  given  in  table  ('  4  are  based  on  the 
assumption  that  hydrostatic  pressure  will  exist 
inside  the  conduits,  an  I  the  conduits  have  been 
'ied  to  resist  both  internal  pressure  and 
external  fill  loads.  The  internal  hydrostatic  pres- 
sure was  assumed  to  be  uniform  and  to  be  pro- 
duced by  a  head  of  water  equal  to  the  height  of 
fill  above  the  centerline  of  the  conduit. 

Bach  condition  of  loading  was  investigated  for 
two    assumed    exterior-fill    pressure    distributions 
The  '•normal  condition"  of  fill  pressure  distribu- 


tion considers  a   uniform  vertical  load  OH   the  top 

of  the  conduit  and  a  uniform  foundation  reaction 
on  the  bottom,  in  combination  with  a  uniform 
horizontal  load  equal  to  one-third  of  the  vertical 
load.  The  vertical  pressure  was  assumed  to  be 
equal  to  the  product  of  the  height  of  fill  above  the 
centerline  of  the  conduit,  multiplied  by  the  unit 
weight  of  fill.       -  235 (d         For  the  "un- 

usual condition"  of  fill  pressure  distribution,  the 
vertical  fill  pressure  was  left  unchanged  and  the 
horizontal  fill  pressure  was  assumed  equal  to  zero. 
The  factors  of  safety  used  in  design  for  the  unusual 
fill  load  distribution,  wore  reduced.  The  satu- 
rated weight  of  the  fill  was  taken  as  130  pounds 
per  cubic  foot  in  all  CSS 

Moments,    thrusts,   and    shears   for   use   in    the 
design    of    the    conduit    were    determined,    using 

tficients  obtained  from  Beggs  deformeter  st: 
analysis  [9].  The  conduit  was  designed  on  the 
basis  of  Bulletin  ACI  318-56  [in],  with  certain 
exceptions  The  concrete  was  assumed  to  have  a 
28-day  strength  of  2,500  pounds  per  square  inch, 
and  the  reinforcing  steel  was  assumed  to  have  a 
yield  strength  of  40,000  pounds  per  square  inch. 
The  thickness  of  the  conduit  wall  was  selected  so 
that  the  concrete  would  be  sufficient  to  resist  the 
shearing  without    the    use   of   stirrup9. 

Shear  and  bond  Btresses  wire  computed  by  stand- 
ard formulas  [10],  An  allowable  shearing  stress  ,.f 
7")  pounds  per  square  inch  was  used  for  the  normal 
fill  load  distribution,  and  a  shearing  stress  of  KID 

pounds  per  square  inch  was  permitted  for  the 
unusual  fill  load  distribution.  An  allowable  bond 
stress  of  250  pounds  per  square  inch  was  used  for 
the  normal  fill  load  distribution,  and  a  bond  Btlt 
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Table  C-3. — Standardized  design  for  cast-in-place  conduits  with  external  loads  only 


Conduit 

diameter, 

feet 

Height  of 
fill  above 
top  of  con- 
duit, feet 

Required 
conduit 
wall  thick- 
ness, inches 

Transverse  reinforcement 

Longitudinal 
reinforcement 
spaced  at  18 

Hoop  reinforcement  per 
foot  of  conduit  length 

Additional  reinforcement  required  per  foot  of  length  throughout- 

Sec.  1 

Sec.  2 

Sec.  3 

inches  ± 

SO 
40 
30 
20 

28 
22 
17 
12 

2  Xo.  5e.f 

1  Xo.  7i.f- ..-. 

1  Xo.  8  i.f 

X'o  7  e  f 

10 

2  Xo.  5e.f.-- 

2  Xo.  5e.f . 

2  Xo.  5e.f _. 

1  Xo.  7  i.f 

1  Xo.  8  i.f 

1  Xo.  7  i.f 

1  Xo.  7  i.f 

Xo  6  e  f 

1  Xo.  7  i.f _ 

1  Xo.  6  i.f     

1  Xo.  4  o.f-.   

Xo.  5  e  f 

1  Xo.  7  o.f    . 

Xo  5  e  f 

50 
40 
30 
20 

23 

18 
14 
10 

2  Xo.  5  e.f 

1  Xo.  5  i.f     

1  Xo.  7  i.f 

g 

2  Xo.  5e.f... -. 

1  Xo.  5  i.f 

1  Xo.  6  i.f 

1  Xo.6i.f . 

1  Xo.  6  i.f 

X'o  6  e  f 

2  Xo.  5e.f 

1  Xo.  4  i.f 

Xo.  5  e  f. 

2  Xo.  5e.f 

1  Xo.  4  i.f 

1  Xo.  4  o.f 

Xo.  4  e.f. 

50 
40 
30 
20 

18 
14 
11 
8 

2  Xo.  5  e.f .-. 

1  Xo.  5  i.f     

1  Xo.  5  i.f -.-. 

1  Xo.  4  i.f 

1  Xo.  4  i.f 

1  Xo.  4  i.f 

X'o  6  e  f 

6 

2Xo.  5e.f . 

2 No.  5e.f 

2  Xo.  5e.f 

1  Xo.  4  i.f      

No  5  e  f 

1  Xo.  4  i.f.. 

Xo.  4  e.f. 

50 
40 
30 
20 

13 
10 

8 
7 

2Xo.  5e.f 

Xo.  5  e.f. 

4 

2  Xo.  5  e.f.-  

Xo.  4  e.f. 

2Xo.  5e.f 

No.  4  e.f. 

2  XTo.  5  c.s 

X'o.  5  c.s. 

50 
40 
30 
20 

8 
8 
6 
fi 

2  No.  5  e.f-. 

Xo.  4  e.f. 

2 

2Xo.  5e.f 

Xo.  4  e.f. 

2  N'o.  5  c.s..  .   .- 

2  Xo.  5  c.s  . -.   .  .- 

Xo.  5  c.s. 

1 

i.f.  denotes  inside  face,  o.f.  denotes  outside  face,  and  e.f.  denotes  each  face  for  conduits  having  2  layers  of  reinforcement, 
conduits  having  1  layer  of  reinforcement. 


c.s.  denotes  center  of  section  for 


Table  C-4. — Standardized  design  for  cast-in-place  conduits  with  external  loads  and  internal  pressures 


Height  of 
fill  above 
top  of  con- 
duit, feet 

Required 

conduit 
wall  thick- 
ness, inches 

Transverse  reinforcement 

Longitudinal 

reinforcement 

spaced  at  18 

inches  ± 

Conduit 

diameter, 

feet 

Hoop  reinforcement  per 
foot  of  conduit  length 

Additional  reinforcement  required  per  foot  of  length  throughout- 

Sec.  1 

Sec.  2 

Sec.  3 

10 

50 
40 
30 
20 

50 
40 
30 
20 

28 
22 
17 
12 

2Xo.  5e.f 

2Xo.  5e.f 

1  Xo.9i.f.. 

1  No.8i.f__. 

1  Xo.Si.f 

1  Xo.  7  i.f.. 

1  Xo.  4  o.f 

1  Xo.  10  i.f 

1  Xo.  9  i.f 

1  X'o.9i.f 

1  Xo.  9  i.f 

Xo.  7  e.f. 
Xo.  6  e.f. 

2Xo.  5e.f 

2Xo.  5e.f 

1  Xo.  6o.f 

Xo.  5  e.f. 

1  Xo.  7o.f 

Xo.  5  e.f. 

23 
18 
14 
10 

2  Xo.  5e.f 

2  Xo.  5e.f _ 

2Xo.  5  e.f 

2Xo.  5 e.f 

1  Xo.  7  i.f  .   

1  Xo.  8  i.f 

1  No.  8  i.f 

1  Xo.  7  i.f 

1  Xo.  7  i.f 

Xo.  6  e.f. 

8 

1  Xo.  6  i.f 

1  Xo.  6  i.f 

1  Xo.6i.f 

1  Xo.  5o. f      

Xo.  6  e.f. 
Xo.  5  e.f. 

1  Xo.  6o.f 

Xo.  4  e.f. 

6 

50 
40 
30 
20 

50 
40 
30 
20 

18 
14 
11 
8 

2Xo.  5  e.f 

2  Xo.  5  e.f.. 

2  Xo.  5e.f 

2.\o.  5  e.f 

1  Xo.  5  i.f 

1  Xo.  5  i.f 

1  Xo.  4  i.f 

1  Xo.  4  i.f... 

1  Xo.  4o.f 

1  Xo.  6  i.f. 

1  Xo.fii.f --. 

1  Xo.  5  i.f 

1  Xo.  5  i.f-.. 

Xo.  6  e.f. 
Xo.  5  e.f. 
Xo.  4  e.f. 
Xo.  4  e.f. 

4 

13 
10 

8 

7 

2  Xo.  5  e.f 

2  Xo.  5  e.f 

1  Xo.  4  i.f. . .    

1  Xo.  5  i.f 

1  Xo.  4  i.f 

Xo.  5  e.f. 
Xo.  4  e.f. 

2  Xo.  5  e.f 

2  Xo.  5  c.s 

Xo.  4  e.f. 

Xo.  5  c.s. 

50 
40 
30 
20 

8 
8 
6 

K 

2  Xo.  5  e.f..   - 

2  Xo.  5e.f._-   

2  Xo   5  c  s 

No.  4  e.f. 

2 

No.  4  e.f. 

N'o.  5  c.s. 

2  Xo   5  c  s 

N'o.  5  c.s. 

i.f.  denotes  inside  face,  o.f.  denotes  outside  face,  and  e.f.  denotes  each  face  for  conduits  having  2  layers  of  reinforcement,     c.s.  denotes  center  of  section  for 
conduits  having  1  layer  of  reinforcement. 


APPENDIX  C-STRUCTURAL  DESIGN  DATA 

of  333  pounds  per  square  inch  whs  permitted  for 
the  unusual  till  loud  distribution. 

The  ultimate  Btrength  method  <>f  design  |l  1 ,  12] 
wii-  used  i"  determine  the  required  areas  of  rein- 
forcement to  resist  moments  and  thruaU  \ 
factor  of  safety  of  2  \\n^  used  in  designing  for  the 
normal  fill  load  distribution,  and  a  factor  of  Bafety 
of  1.5  was  used  in  designing  for  the  unusual  till 
|on<!  distribution.  In  almost  everj  instance,  the 
design  <>f  tin1  conduit  «ii>  governed  l».\  the  unusual 
fill  loud  distribution.  Typical  reinforcement  pat- 
terns for  die  circular  conduit  are  shown  in  figure 
(.    l 
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>'■•« 
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tV 
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IS)    TYPICAL    PATTERN   WHERE   CONDUIT  WITH 
TWO  LAYERS  OF  STEEL  ARE  REQUIRED 


Figure  C-4.      Typical  reinforcement  patterns  for  circular  cast-in- 
place  concrete  conduits. 
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«    Appendix  D 


Soil  Mechanics  Nomenclature 


DR    J    W.   HILF 


D-1 .  Introduction.  The  following  definitions  of 
terms  and  symbols  were  selected  from  a  draft  <>f 
ASTM  Designation  D  653  57,  "Standard  Defini- 
tions of  Terms  and  Symbols  Relating  to  Soil 
Mechanics,"  prepared  by  Subcommittee  G 
Nomenclature  and  Definitions,  of  ASTM  Com- 
mittee J)  is.  Soil  for  Engineering  Purposes,  in 
cooperation  with  the  Committee  on  Clossary  of 
Terms  and  Definitions  m  Soil  Mechanics,  Soil 
Mechanics  and  Foundations  Division,  American 
Society  of  Civil  Engineers.  The  list  that  follows 
l-  an  abbreviated  version  of  the  ASTM  desig- 
nation, in  which  most  of  the  cross-references  and 
term-;  which  have  little  or  no  relation  to  the  suh- 
jecl   matter  of  this  text  were  omitted. 

Units,  where  applicable,  are  indicated  in  capital 
letters  on  the  right-hand  side,  under  the  item,  and 
immediately  above  the  definition.  The  letters 
denote: 

F,   force,  such   as  pound,   ton,  gram,   kilo- 
gram. 

I.,  length,  BUch  as  inch,  foot,  centimeter. 
T,  time,  such  as  second,  minute. 
I ),  dimensionle 
Positive  exponents  designate  multiples  in  the 

numerator. 
Negative  exponents  designate  multiples  in  the 

denominator. 
Degrees  of  allele-  are  indicated  as  "degrees" 

Expressing  the  unit  either  in  the  metric  (C.G.S 
or  English  system  has  been  purposely  omitted  in 
order  to  leave  the  choice  of  the  system  and  specific 
unit  to  the  engineer  and  the  particular  application. 

For  example,  FL  '  may  l>c  expressed  in  pounds 
per  square  inch,  kilogram-  per  aquare  centimeter. 


tons  per  square  foot,  etc.;  LT- '  may  be  expres 
in  feet   per  minute,  centimeters  per  second,  etc 

No  significance  should  he  placed  on  the  order  in 
which  symbols  arc  presented  where  two  or  more 
are  given. 

The  following  letters  of  the  Creek  alphahet  are 
used  m  this  nomenclature: 


letter 

M*M 

a 

Alpha 

0 

Beta 

y 

<  tamma 

A,  5 

Delta 

t 

Epatlon 

e 

Theta 

n 

Mil 

a 

Sigma 

T 

Tan 

<t> 

Phi 

+ 

Psi 

Engineer.  Earth  I):»rrn  Paction,  BorMO  "f  Red  > 


D-2.    Definitions,  Symbols,  and  Units. 

ABSORBED  WATER: 

Water  held  mechanically  in  a  soil  ma<>  and  hav- 
ing physical  properties  not  substantially  different 

from  ordinary  water  at  the  same  temperature  and 
pressure. 

ADHESION 

Unit:   <■„  FL 

Total:  <  ForFL"1 

Shearing  resistance  between  Boil  and  another 

material  under  zero  externally  applied  pressure. 

ADSORBED  WA I  I 

Water  in  a  soil  mass,  held  by  physicochemical 
forces,  having  physical  properties  substantially 
different  from  absorbed  water  or  chemically  com- 
bined water,  at  the  same  teinperat  ure  and  pressure 
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AEOLIAN  DEPOSITS: 

Wind-deposited  material  such  as  dune  sands  and 
loess  deposits. 

AIRSPACE  RATIO: 

Ga  D 

Ratio  of  (1)  volume  of  water  that  can  be  drained 
from  a  saturated  soil  under  the  action  of  force  of 
gravity  to  (2)  total  volume  of  voids. 

AIR-VOID  RATIO: 

Gt  D 

The  ratio  of  (1)  the  volume  of  airspace  to  (2) 
the  total  volume  of  voids  in  a  soil  mass. 

ALLOWABLE   BEARING   VALUE    (ALLOW- 
ABLE SOIL  PRESSURE) : 

qa,  Pa  FL~2 

The  maximum  pressure  that  can  be  permitted 
on  foundation  soil,  giving  consideration  to  all 
pertinent  factors,  with  adequate  safety  against 
rupture  of  the  soil  mass  or  movement  of  the 
foundation  of  such  magnitude  that  the  structure 
is  impaired. 

ALLOWABLE  PILE  BEARING  LOAD: 

Qa,  Pa  F 

The  maximum  load  that  can  be  permitted  on  a 
pile  with  adequate  safety  against  movement  of 
such  magnitude  that  the  structure  is  endangered. 

ALLUVIUM : 

Soil  the  constituents  of  which  have  been  trans- 
ported in  suspension  by  flowing  water  and  subse- 
quently deposited  by  sedimentation. 

ANGLE  OF  EXTERNAL  FRICTION  (ANGLE 
OF  WALL  FRICTION): 

5  Degrees  (°) 

Angle  between  the  abscissa  and  the  tangent  of 
t ho  curve  representing  the  relationship  of  shearing 
resistance  to  normal  stress  acting  between  soil  and 
surface  of  another  material. 

ANGLE  OF  INTERNAL  FRICTION: 

0  Degrees  (°) 

Angle  between  the  abscissa  and  the  tangent  of 
the  curve  representing  the  relationship  of  shear- 
ing resistance  to  normal  stress  acting  within  a 
soil. 


The  angle  between  the  direction  of  the  resultant 
stress  or  force  acting  on  a  given  plane  and  the 
normal  to  that  plane. 

ANGLE  OF  REPOSE: 

a  Degrees  (°) 

Angle  between  the  horizontal  and  the  maximum 
slope  that  a  soil  assumes  through  natural  proc- 
esses. For  dry  granular  soils  the  effect  of  the 
height  of  slope  is  negligible;  for  cohesive  soils  the 
effect  of  height  of  slope  is  so  great  that  the  angle 
of  repose  is  meaningless. 

ANISOTROPIC  MASS: 

A  mass  having  different  properties  in  different 
directions  at  any  given  point. 

AQUIFER: 

A  water-bearing  formation  that  provides  a 
ground-water  reservoir. 

ARCHING: 

The  transfer  of  stress  from  a  yielding  part  of  a 
soil  mass  to  adjoining  less-yielding  or  restrained 
parts  of  the  mass. 

AREA  OF  INFLUENCE  OF  A  WELL: 
a  L2 

Area  surrounding  a  well  within  which  the  piezo- 
metric  surface  has  been  lowered  when  pumping 
has  produced  the  maximum  steady  rate  of  flow. 

AREA    RATIO    OF    A    SAMPLING    SPOON, 

SAMPLER.  OR  SAMPLING  TUBE: 

AT  D 


AT= 


D/-DI 


XI 00    where    De    represents    the 


ANGLE  OF  OBLIQUITY: 
a.  B,  6,  + 


Degrees  (°) 


maximum  external  diameter  of  the  sampling  spoon 
and  Dt  represents  the  minimum  internal  diameter 
of  the  sampling  spoon  at  the  cutting  edge.  The 
area  ratio  is  an  indication  of  the  volume  of  soil 
displaced  by  the  sampling  spoon  (tube). 

BASE  COURSE  (BASE): 

A  layer  of  specified  or  selected  material  of 
planned  thickness  constructed  on  the  subgrade 
or  subbase  for  the  purpose  of  serving  one  or  more 
functions  such  as  distributing  load,  providing 
drainage,  minimizing  frost  action,  etc. 

BASE  EXCHANGE: 

The  physicochemical  process  whereby  one  spe- 
cies of  ions  adsorbed  on  soil  particles  is  replaced 
by  another  species. 


APPENDIX  D— SOIL  MECHANICS  NOMENCLATURE 


481 


BEARING  CAPACITY   (OF  A  I'll. I 
Q„P,  V 

The  load  per  pile  required  to  produce  ■  condi- 
tion of  failure 

BEDROCK  (LEDGE): 
Rock  of  relatively  great  thickness  and  extent 

in  its  nut  i\  e  local  ion. 

BENTONITIC  CLAY 

A  clay  with  a  high  content  of  the  mineral  mont- 
morillonite,  usually  characterized  by  high  swell- 
ing «>n  u  ci  i  ing. 

BERM: 
A  shelf  ilia!  breaks  the  continuity  of  a  slope 

BINDER  (SOU,  BINDER): 

Portion   of   soil    passing    No.    40    United   States 

standard  sie\  e 

BOULDER 
A  rock  fragment,  usually  rounded  by  weathering 

oi-  abrasion,  with  an  average  dimension  of  12 
inches  or  more. 

BOULDER  (LAY 

A  geological  term  used  to  designate  glacial  drift 
that  has  not  been  subjected  to  the  sorting  action 
of  water  and  therefore  contains  particles  from 
boulders  to  clay  sizes. 

BULKING: 

The  increase  in  volume  of  a  material  due  to 
manipulation.  Hock  hulks  upon  being  excavated; 
damp  sand  hulks  if  loosely  deposited,  as  l>y  dump- 
ing, because  the  "apparent  cohesion"  prevents 
movement  of  the  soil  particles  to  form  a  reduced 
volume. 

CALIFORNIA  BEARING  RATIO: 

t  BR  i  > 

The  ratio  of  (  1  )  the  force  per  unit  area  required 
to  penetrate  a  soil  mass  with  a  3-square-inch  circu- 
lar piston  (approximately  2-inch-diameter)  at  the 

rate  of  0.05  inch  per  minute  to   (2)  that   required 

for  corresponding  penetration  of  a  standard  ma- 
terial The  ratio  is  usually  determined  at  0.1- 
inch  penetration,  although  other  penetrations  are 
sometimes  used  Original  Californis  procedures 
required  determination  of  the  ratio  at  0.1-inch 
intervals  to  0.5  inch.  Corps  of  Engineers'  pro- 
cedures require  determination  of  the  ratio  at   0.1 


inch  ami  li  '_'  inch        Where  the  ratio  at  0.2  inch  is 
consistently   higher   than  at  0.1   inch,  the  ratio  at 

i)  2  inch  i-  used 

CAPELLARY  A("llo\    CAPILLARITY): 
The  rise  or  movement  <>f  water  in  the  interstices 

of  a  soil  due  to  capillary  fori 

CAPILLARY  FRINGE  ZONE 
The   /one   above   the   free   water  elevation   in 

which  water  is  held  l>\    capillars    action 

CAPILLARY  READ: 

h  L 

The  potential,  expressed  in  head  of  water,  that 
causes  the  water  to  How  hy  capillary  action 

CAPILLARY      MIGRATION      (CAPILLARY 

FLOW 

The  movement  of  water  by  capillary  action. 

CAPILLARY  RISE   HEIGHT  OF  CAPILLARY 
RISE 

hc  L 

The  height  ahove  a  free  water  elevation  to 
which  water  will  rise  hy  capillary  action. 

CAPILLARY   WATER: 

Water  subject  to  the  influence  of  capillary 
action. 

CLAY    -CLAY  SOIL): 

Fine-grained  soil  or  the  fine-grained  portion  of 
soil  that  can  be  made  to  exhibit  plasticity  (putty- 
like properties)  within  a  range  of  water  contents. 
and  which  exhibits  considerable  strength  when 
air-dry.  The  term  has  been  used  to  designate  the 
percentage  liner  than  O.ooj  nun.  (0.(1(1.")  in  some 
cases),  hut  it  is  Btrongly  recommended  that  this 
usage  be  discontinued,  since  there  is  ample  evi- 
dence that  from  an  engineering  standpoint  the 
properties  described  in  the  ahove  definition  are 
many  times  more  important. 

CLAY  SIZE: 

That  portion  of  the  soil  liner  than  0.002  mm. 
(0.005  mm.  in  some  cases)  (See  discussion  under 
Clay.) 

COBBLE  (COBBLESTONE 

A  rock  fragment  usually  rounded  or  semi- 
rounded  with  an  average  dimension  between  3 
and  12  inchi 
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COEFFICIENT  OF  COMPRESSIBILITY  (CO- 
EFFICIENT OF  COMPRESSION): 
a,  I/F-1 

The  secant  slope,  for  a  given  pressure  increment, 
of  the  pressure-void  ratio  curve.  Where  a  stress- 
strain  curve  is  used,  the  slope  of  this  curve  is  equal 

l  +  e 
COEFFICIENT  OF  CONSOLIDATION: 

c.  L'T"1 

A  coefficient  utilized  in  the  theory  of  consolida- 
tion, containing  the  physical  constants  of  a  soil 
affecting  its  rate  of  volume  change. 

*(l  +  e) 


a*-7v 


-i  wherein 


k= coefficient  of  permeability,  LT_1 

e=void  ratio,  D 

ac=  coefficient  of  compressibility,  L2F_1 

7„=unit  weight  of  water,  FL"3 

Note. — In  the  literature  published  prior  to  1935, 
the  coefficient  of  consolidation,   usually  designated 

k 

c,  was  defined  by  the  equation  c=- ; — -•  This 

a.-7»  U+  e) 

original  definition  of  the  coefficient  of  consolidation 

may  be  found  in  some  more  recent  papers  and  care 

should  be  taken  to  avoid  confusion. 

COEFFICIENT  OF  EARTH  PRESSURE: 
K  D 

The  principal  stress  ratio  at  a  point  in  a 
soil  mass. 
ACTIVE: 

KA  D 

The  minimum  ratio  of  (1)  the  minor  princi- 
pal stress  to  (2)  the  major  principal  stress. 
This  is  applicable  where  the  soil  has  yielded 
sufficiently  to  develop  a  lower  limiting  value 
of  the  minor  principal  stress. 
AT  REST: 

K0  D 

The  ratio  of  (1)  the  minor  principal  stress 
to  (2)  the  major  principal  stress.  This  is 
applicable  where  the  soil  mass  is  in  its  natural 
state  without  having  been  permitted  to  yield 
or  without  having  been  compressed. 
PASSIVE: 

Kp  D 

The  maximum  ratio  of  (1)  the  major  princi- 
pal stress  to  (2)  the  minor  principal  stress. 
This  is  applicable  where  the  soil  has  been  com- 
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pressed  sufficiently  to  develop  an  upper  limit- 
ing value  of  the  major  principal  stress. 

COEFFICIENT  OF  INTERNAL  FRICTION: 

The  tangent  of  the  angle  of  internal  friction. 
(See  Internal  Friction.) 

COEFFICIENT  OF  PERMEABILITY   (PER- 
MEABILITY) : 
k  LT"1 

The  rate  of  discharge  of  water  under  laminar 
flow  conditions  through  a  unit  cross-sectional  area 
of  a  porous  medium  under  a  unit  hydraulic 
gradient  and  standard  temperature  conditions 
(usually  20°  C). 

COEFFICIENT  OF  SUBGRADE  REACTION 
(MODULUS     OF     SUBGRADE     REAC- 
TION) : 
k  FL"3 

Ratio  of  (1)  load  per  unit  area  of  horizontal 
surface  of  a  mass  of  soil  to  (2)  corresponding 
settlement  of  the  surface.  It  is  determined  as  the 
slope  of  the  secant,  drawn  between  the  point  cor- 
responding to  zero  settlement  and  the  point  of 
0.05-inch  settlement,  of  a  load  settlement  curve 
obtained  from  a  plate  load  test  on  a  soil  using  a 
30-inch  or  greater  diameter  loading  plate.  It  is 
used  in  the  design  of  concrete  pavements  by  the 
Westergaard  method. 

COEFFICIENT  OF  UNIFORMITY: 

Cu  D 

The  ratio  Dm/D10}  where  Dw  is  the  particle  di- 
ameter corresponding  to  60  percent  finer  on  the 
grain-size  curve,  and  Dw  is  the  particle  diameter 
corresponding  to  10  percent  finer  on  the  grain-size 
curve. 

COEFFICIENT  OF  VISCOSITY  (COEFFI- 
CIENT OF  ABSOLUTE  VISCOSITY) : 

M  FTL"2 

The  shearing  force  per  unit  area  required  to 
maintain  a  unit  difference  in  velocity  between  two 
parallel  layers  of  a  fluid  a  unit  distance  apart. 

COEFFICIENT  OF  VOLUME  COMPRESSI- 
BILITY (MODULUS  OF  VOLUME 
CHANGE) : 

The  compression  of  a  soil  layer  per  unit  of  orig- 
inal thickness  due  to  a  given  unit  increase  in  pres- 
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sure      It  l-  numerically  equal  i<>  the  coefficient  of 

compressibility  divided  by  one  plus  the  original 

a, 
void  ratio:  7-: — 

COHESION 

The  portion  of  the  Bhear  strength  of  ■  soil  indi- 
catr.l    l>\    the    term    c    in    Coulomb's   equation, 

s     c     a  tan  4>. 

APPARENT  COHESION 

Cohesion  in  granular  soil-  due  to  capillar} 
fort 

COHESIONLESS  SOIL 

\  soil  thai  when  unconfined  has  little  or  no 
strength  when  air-dried,  and  thai  Has  little  or  do 
cohesion  w  hen  submerged. 

COHESH  ESOIL: 

A  soil  thai  when  unconfined  has  considerable 
strength  when  air-dried,  and  thai  lias  aignificanl 
cohesion  w  hen  submerged. 

COLLOIDAL  PARTICLES 

Soil  particles  that  are  so  small  that  the  surface 
ictivit)  has  an  appreciable  influence  on  the  prop- 
erties of  the  aggregate. 

COMPACTION: 

The  deiisilieatiori  of  a  soil  by  means  of  mechani- 
cal manipulation. 

COMPACTION  CURVE  (PROCTOR  CURVE) 
(MOISTURE-DENSITY  CURVE 

The  curve  showing  the  relationship  between  the 
dr\   unit  weighl  (density)  and  the  water  content  of 
I  for  a  given  compactive  effort. 

COMPACTION  TEST  (MOISTURE-DENSITY 
TEST): 
A  laboratory  compacting  procedure  whereby  a 
soil  at  a  known  water  content  is  placed  in  B  speci- 
fied manner  into  a  mold  of  given  dimensions,  sub- 
jected to  a  compactive  efforl  of  controlled  magni- 
tude, and  the  resulting  unit  weighl  determined. 
The  procedure  is  repeated  for  various  water  con- 
tents sufficient  to  establish  a  relation  between 
Water  content  and  unit  weight. 

COMPRESSIBILITY: 

Property  of  a  soil  pertaining  to  it-  susceptibility 

to  decrease  in  volume  when  subjected  to  load. 


COMPRESSION  l\l>! 

C,  I) 

The  slope  id  the  linear  portion  of  the  pre-sinc- 
\onl  ratio  curve  on  a  semilog  plot 

COMPRESSH  £  STRENGTH    1  ^CONFINED 
<  OMPRESSH  E  STRENGTH): 

Pr.'lu  IP*2 

The  load  per  unit  area  at  which  an  unconfined 
prismatic  or  cylindrical  specimen  of  soil   will   fail 

m  a  simple  compression  tesl 
CONCENTRATION   FACTOR 

n  I) 

A  parameter  used  m  modifying  the  Boussinesq 
equations    t<»    describe    various    distributions   of 

vert  ical  BtTl 

CONSISTENCY: 

The  relative  ease  with  which  a  soil  can  he 
deformed. 

CONSISTENCY  INDEX 

Relative  Consistency. 

CONSOLIDATED    DRAINED   TEST    (SLOW 
TEST): 

A  -oil  test  in  which  essentiauy  complete  consoli- 
dation under  the  confining  pressure  is  followed  by 
additional  axial  •>!  shearing)  stress  applied  in 
such  a  manner  that  even  a  fully  saturated  soil  of 
low  permeability  can  adapt  itself  completely 
(fully  consolidate)  to  tin'  changes  m  stress  due  to 
the  additional  axial  (or  shearing )  stress. 

CONSOLIDATED  QNDRAINED  TEST   CON- 
SOLIDATED QUICK  TEST): 

A  test  in  which  complete  consolidation  under  the 
vertical  load  (in  a  duct  -hear  tesl  or  under  the 
confining  pressure  (in  a  biaxial  tesl  I  is  followed  by 
a  shear  at   constant   water  content. 

CONSOLIDATION": 

The  gradual  reduction  in  volume  of  a  -oil  DISSS 

resulting  from  an  increase  m  compressive  Btrese 
INITIAL    CONSOLIDATION      INITIAL 
COMPRESSION 

A  comparatively  sudden  reduction  in  vol- 
ume of  a  soil  mass  under  an  applied  load  due 
principally  to  expulsion  and  compression  of 
gas  in  the  -ml  voids  preceding  primary  con- 
solidation. 
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PRIMARY       CONSOLIDATION       (PRI- 
MARY COMPRESSION)  (PRIMARY 
TIME  EFFECT): 
The   reduction   in   volume   of   a   soil    mass 
caused  by  the  application  of  a  sustained  load 
to  the  mass  and  due  principally  to  a  squeezing 
out  of  water  from  the  void  spaces  of  the  mass 
and  accompanied  by  a  transfer  of  the  load 
from  the  soil  water  to  the  soil  solids. 

SECONDARY  CONSOLIDATION  (SEC- 
ONDARY COMPRESSION)  (SEC- 
ONDARY TIME  EFFECT): 

The  reduction  in  volume  of  a  soil  mass 
caused  by  the  application  of  a  sustained  load 
to  the  mass  and  due  principally  to  the  adjust- 
ment of  the  internal  structure  of  the  soil 
mass  after  most  of  the  load  has  been  trans- 
ferred from  the  soil  water  to  the  soil  solids. 

CONSOLIDATION  RATIO: 

Uz  D 

The  ratio  of  (1)  the  amount  of  consolidation  at 
a  given  distance  from  a  drainage  surface  and  at  a 
given  time  to  (2)  the  total  amount  of  consolidation 
obtainable  at  that  point  under  a  given  stress 
increment. 

CONSOLIDATION  TEST: 

A  test  in  which  the  specimen  is  laterally  confined 
in  a  ring  and  is  compressed  between  porous  plates. 

CONSOLIDATION-TIME      CURVE      (TIME 

CURVE)      (CONSOLIDATION      CURVE) 

(THEORETICAL  TIME  CURVE): 

A  curve  that  shows  the  relation  between  (1)  the 

degree  of  consolidation  and  (2)  the  elapsed  time 

after  the  application  of  a  given  increment  of  load. 

CREEP: 

Slow  movement  of  rock  debris  or  soil  usually 
imperceptible  except  to  observations  of  long 
duration. 

CRITICAL  CIRCLE  (CRITICAL  SURFACE) : 
The   sliding  surface   assumed   in    a   theoretical 
analysis  of  a  soil  mass  for  which   the  factor  of 
safety  is  a  minimum. 

CRITICAL  DENSITY: 

The  unit  weight  of  a  saturated  granular  mate- 
rial below  which  it  will  lose  strength  and  above 
which  it  will  gain  strength  when  subjected  to 
rapid  deformation.  The  critical  density  of  a 
given  material  is  dependent  on  many  factors. 
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CRITICAL  HEIGHT: 

Hc  L 

The  maximum  height  at   which  a   vertical  or 
sloped  bank  of  soil  will  stand  unsupported  under   I 
a  given  set  of  conditions. 
CRITICAL  SLOPE: 

The  maximum  angle  with  the  horizontal  at 
which  a  sloped  bank  of  soil  of  given  height  will 
stand  unsupported. 

DEFLOCCULATING    AGENT    (DEFLOCCU- 
LANT)   (DISPERSING  AGENT): 
An   agent   that  prevents  fine  soil   particles  in 
suspension  from  coalescing  to  form  floes. 
DEFORMATION : 

Change  in  shape. 
DEGREE  OF  CONSOLIDATION  (PERCENT 
CONSOLIDATION) : 

U  D 

The  ratio,  expressed  as  a  percentage,  of  (1)  the 
amount  of  consolidation  at  a  given  time  within  a 
soil  mass,  to  (2)  the  total  amount  of  consolidation 
obtainable  under  a  given  stress  condition. 
DENSITY: 

See  Unit  Weight. 

Note. — Although  it  is  recognized  that  density  is  defined 
as  mass  per  unit  volume,  in  the  field  of  soil  mechanics  the 
term  is  frequently  used  in  place  of  unit  weight. 

DEVIATOR  STRESS: 

A,  a  FL-2 

The  difference  between  the  major  and  minor 
principal  stresses  in  a  triaxial  test. 

DILATANCY: 

The  expansion  of  cohesionless  soils  when  subject 
to  shearing  deformation. 

DIRECT  SHEAR  TEST: 

A  shear  test  in  which  soil  under  an  applied 
normal  load  is  stressed  to  failure  by  moving  one 
section  of  the  soil  container  (shear  box)  relative 
to  the  other  section. 

DISCHARGE  VELOCITY: 

v  LT-1 

Rate  of  discharge  of  water  through  a  porous 
medium  per  unit  of  total  area  perpendicular  to  the 
direction  of  flow. 

DRAWDOWN : 

L 
Vertical   distance   the   free   water   elevation   is 
lowered  or  the  reduction  of  the  pressure  head  due 
to  the  removal  of  free  water. 
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EARTH   PRESSURE 

Inn    p  II. 

Total:   P  K  Of  PL   ' 

The  pressure  or  force  exerted  bj   soil  on  any 
boundary 

ICTIVE  EARTH   PRESSURE: 
/-,.  Pi 
The    minimum    value    of   earth    pressure 
Tliis  condition   exists   when   a   soil   mass   is 
permitted   to  yield  sufficiently   to  cause  its 
internal  shearing  resistance  along  a  potential 
failure  surface  to  be  completely  mobilized, 
AT  REST 

/'«..  l>o 

The  value  of  the  earth  pressure  when  the 
soil  mass  is  in  its  natural  state  without  haying 
been  permitted  to  yield  or  without   baring 
been  compressed. 
PASSH  E  EARTH  PRESSURE: 

/V.  />/• 
The  maximum  value  of  earth  pressure. 
This  condition  exists  when  a  soil  mass  is  coin- 
pressed  sufficiently  to  cause  its  internal  shear- 
ing resistance  along  a  potential  failure  surface 
to  be  completely  mobilised 

EFFECTIVE    DIAMETER    (EFFECTIVE 
SIZE): 
Dw,  Dt  L 

Particle   diameter  corresponding   to    10   percent 

finer  on  the  grain-size  curve. 

EFFECTIVE  FORCE: 

T  V 

The  force  transmitted  through  a  soil  mass  by 
intergranular  pressures 

EFFECTIVE    POROSITY    (EFFECTIVE 
DRAINAGE  POROSITY): 

n,  D 

The  ratio  of  (I)   the  volume  of  the   voids  of  a 
soil   mass   that   can   he  drained   by   gravity   !<•     2 
the  total  volume  of  the  mass. 

ELASTIC  STATE  OF  EQUILIBRIUM: 

Male  of  Btrees  within  a  soil  mass  when  the  in- 
ternal resistance  of  the  mass  is  not  fully  mobilized. 

EQUIPOTENTIAL  LINK 

Line   along   which   water   will    rise   to   the   same 
elevation  in  piezometric  tubes 


hoi  l\  ALENT    DIAME1  BR     BQUN  ALEN  I' 
SIZE 

l>  L 

The  diameter  of  a  h\  pothetical  sphere  composed 

of  material  having  the  same  specific  gravity    as 

that  of  the  actual  soil  particle  and  of  BUch  -i/e 
that    it    will    -..ttli-    in    a    L'i\eii    liquid    at    tin     -am.' 

terminal  velocit)  a-  the  actual  -oil  particle 
BQ1  l\  ALENT  FLUID 

A  hypothetical  thud  having  a  unit  weight  BUch 
that    it    will    produce   a    pressure   against    a   lateral 

Bupporl  presumed  to  he  equivalent  to  that  pro- 
duced l>\  the  actual  -oil     Tin-  simplified  approach 

is  valid  oul\  w  hen  deformation  condition-  are  such 
that  the  pressure  increases  linearly  with  depth  and 
the  wall  friction  i-  neglected. 

EXCHANGE  CAPACITY 

The  capacity  to  exchange  ion-  a-  measured  by 
the  quantity  of  exchangeable  ion-  in  a  soil. 

KILL: 
Manmade  deposits  of  natural  -oil-  and  waste 

materials. 

FILTER  (PROTECTIVE  FILTER 

A  layer  or  combination  of  layers  of  pervious 
materials  designed  and  installed  in  such  a  manner 
as  to  provide  drainage,  yet  prevent  the  move- 
ment of  soil  particles  due  to  (lowing  water. 

FINES: 

Portion  of  a  soil  finer  than  a  No.  200  United 
States  standard  sieve. 

FLOC: 

Loos.,  open-structured  ma^s  formed  in  a  sus- 
pension by  the  aggregation  of  minute  particles 

FLOCCULATION: 

The  process  of  forming  floes. 

FLOW  CHANNEL: 

The  portion  of  a  How  net  bounded  by  two  adja- 
cent flow  Ones 

FLOW  CURVE 

The  locus  of  points  obtained  from  a  standard 
liquid  limit  test  and  plotted  on  a  graph  represent- 
ing water  content  as  ordinate  on  an  arithmetic 
Scale   and    the    nuinher   of   bk>W8   a-    abscisSS    on    a 

logarit limic  scale. 
FLOW  FAILURE 

Failure  in  which  a  soil  ma--  moves  over  rela- 
tive!} long  distances  in  a  Quidlike  manner. 


486 


DESIGN  OF  SMALL  DAMS 


FLOW  INDEX: 

Fw,  I,  D 

The  slope  of  the  flow  curve  obtained  from  a 
liquid  limit  test,  expressed  as  the  difference  in 
water  contents  at  10  blows  and  at  100  blows. 

FLOW  LINE: 

The  path  that  a  particle  of  water  follows  in  its 
course  of  seepage  under  laminar  flow  conditions. 

FLOW  NET: 

A  graphical  representation  of  flow  lines  and 
equipotential  lines  used  in  the  study  of  seepage 
phenomena. 

FLOW  SLIDE: 

The  failure  of  a  sloped  bank  of  soil  in  which  the 
movement  of  the  soil  mass  does  not  take  place 
along  a  well-defined  surface  of  sliding. 

FLOW  VALUE: 

N*  D 

A  quantity  equal  to  tan2  (  45°+^  )• 

FOOTING: 

Portion  of  the  foundation  of  a  structure  that 
transmits  loads  directly  to  the  soil. 

FOUNDATION : 

Lower  part  of  a  structure  that  transmits  the 
load  to  the  earth. 

FOUNDATION  SOIL: 

Upper  part  of  the  earth  mass  carrying  the  load 
of  the  structure. 

FREE  WATER  (GRAVITATIONAL  WATER) 
(GROUND    WATER)    (PHREATIC    WA- 
TER): 
Water  that  is  free  to  move  through  a  soil  mass 

under  the  influence  of  gravity. 

FREE  WATER  ELEVATION  (WATER  TA- 
BLE) (GROUND-WATER  SURFACE) 
(FREE  WATER  SURFACE)  (GROUND- 
WATER ELEVATION): 

Elevations  at  which  the  pressure  in  the  water  is 
zero  with  respect  to  the  atmospheric  pressure. 

FROST  ACTION: 

Freezing  and  thawing  of  moisture  in  materials 
and  the  resultant  effects  on  these  materials  and  on 
structures  of  which  they  are  a  part  or  with  which 
thev  are  in  contact. 


FROST  BOIL: 

(1)  Softening  of  soil  occurring  during  a  thaw- 
ing period  due  to  the  liberation  of  water  from  ice 
lenses  or  layers. 

(2)  Breaking  of  a  highway  or  airfield  pavement 
under  traffic  and  the  ejection  of  subgrade  soil  in  a 
soft  and  soupy  condition  caused  by  the  melting 
of  ice  lenses  formed  by  frost  action. 

FROST  HEAVE: 

The  raising  of  a  surface  due  to  the  accumulation 
of  ice  in  the  underlying  soil. 

GLACIAL  TILL  (TILL): 

Material  deposited  by  glaciation,  usually  com- 
posed of  a  wide  range  of  particle  sizes,  which  has 
not  been  subjected  to  the  sorting  action  of  water. 

GRADATION  (GRAIN  SIZE  DISTRIBUTION) 
(SOIL  TEXTURE): 
Proportion  of  material  of  each  grain  size  present 
in  a  given  soil. 

GRAIN     SIZE     ANALYSIS     (MECHANICAL 
ANALYSIS): 

The  process  of  determining  gradation. 

GRAVEL: 

Rounded  or  semirounded  particles  of  rock  that 
will  pass  a  3-inch  and  be  retained  on  a  No.  4 
United  States  standard  sieve. 

HARD  PAN: 

Layer  of  extremely  dense  soil. 

HEAVE: 

Upward  movement  of  soil  caused  by  expansion 
or  displacement  resulting  from  phenomena  such 
as:  moisture  absorption,  removal  of  overburden, 
driving  of  piles,  and  frost  action. 

HOMOGENEOUS  MASS: 

A  mass  that  exhibits  essentially  the  same  physi- 
cal properties  at  every  point  throughout  the  mass. 

HORIZON  (SOIL  HORIZON): 

One  of  the  layers  of  the  soil  profile,  distinguished 
principally  by  its  texture,  color,  structure,  and 
chemical  content. 

A     HORIZON: 

The  uppermost  layer  of  a  soil  profile  from 
which  inorganic  colloids  and  other  soluble 
materials  have  been  leached.  Usually  con- 
tains remnants  of  organic  life. 
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B     HORIZON 

The  layer  of  a  soil  profile  in  which  material 
leached  from  the  overlying  A  horizon  is 
accumulated. 

('     HORIZON 

Undisturbed  parent  material  from  which 
the  overlying  soil  profile  hai  been  developed. 

HUMUS 

A  brown  or  black  material  formed  bj  the  partial 
decomposition  of  vegetable  or  animal  matter;  the 
organic  portion  of  soil. 

in  DRAULIC  GRADIENT 

1) 
The  loss  of  hydraulic  head  per  unit  distance  of 

dh 


How  . 


,//. 


CRITICAL  HYDRAULIC  GRADIENT: 

1) 
Hydraulic  gradient  at  which  the  intergranular 
pressure  in  a  mass  of  cohesionless  soil  is  reduced  to 

zero  by  the  upward  How  of  water. 

HYDROSTATIC  PRESSURE: 

u0  FL-1 

The  pressure  in  8  liquid  under  sialic  conditions; 
the  product  of  the  unit  weight  of  the  liquid  and  the 
difference  in  elevation  between  the  given  point  and 

the  free  w  ater  elevation. 

EXCESS  HYDROSTATIC  PRESSURE 
(HYDROSTATIC  EXCESS  PRES- 
SURE): 

77.  u  FL-' 

The   pressure   that    exists   in   pore   water  in 
excess  of  the  hydrostatic  pressure. 

HYGROSCOPIC  CAPACITY  (HYGROSCOPIC 
COEFFICIENT): 

w,  I ) 

Ratio  of  (D  the  weight  of  water  absorbed  by  a 
dry  soil  in  a  saturated  atmosphere  at  a  given  tem- 
perature to  (2)   the  Weight  of  the  oven-dried  soil. 

HYGROSCOPIC  WATER  CONTENT: 
w„  D 

The  water  content  of  an  air-dried  soil. 

INTERNAL  FRICTION: 

FL"2 
The  portion  of  the  shearing  strength  of  a  soil 
indicated  by  the  terms  p  tan  <f>  in  Coulomh's  equa- 


tion v     c  •  p  taii  0.     It  is  usually  considered  to  be 

due  to  the  interlocking  of  the  toil  grains  and  the 

resistance  to  sliding  between  the  grams 
[SOCHRONE 
A  curve  showing  the  distribution  of  the  tan 

hydrostatic   pressure  at    a  given   tune  during  » 
process  of  consolidal ion 

ISOTROPIC  MAS 

A  mats  having  the  same  property  (or  properties) 
in  all  directions 

KAol.IN: 
A  \  arietj  of  claj  containing  a  high  percentage  of 

kaolmite. 

LAMINAR     FLOW       STREAMLINE     FLOW 

\  l-<  OUS  FLOW 
Flow   in   which  each   water  particle  moves  m  a 
direction   parallel   to  cver\    other   particle,   and   in 
which    the   head    loss   is   proportional    to    the   first 
power  of  the  velocity. 

LANDSLIDE  (SLIDE): 

The  failure  of  a  sloped  hank  of  soil  in  which  the 
movement  of  the  soil  mass  takes  place  along  a  sur- 
face of  sliding. 

LEACHING 

The  removal  of  soluble  soil  material  and  colloid- 
by  percolating  water. 

LINE    OF    CREEP    (PATH    OF    PERCOLA- 
TION 

The  path  that  water  follow-  along  the  surfa. 
contact   between  the  foundation  soil  and  the  base 
of  a  dam  or  other  structure. 

LINE     OF     SEEPAGE      SEEPAGE     LINE 
riiRFATic  LINE 

The  upper  free  water  surface  of  the  zone  of  Beep- 
age. 

LINEAR  EXPANSION: 

L,  I  > 

The  increase  in  one  dimension  of  a  soil  mass, 
expressed  a-  ■  percentage  of  that  dimension  at  the 

shrinkage  limit,  when  the  water  content  is  in- 
creased from  the  shrinkage  limit  to  any  given 
w  ater  content. 

LINEAR  SHRINKAGE 

/  1) 

Decrease  in  one  dimension  of  a  BOJl  mass,  ex- 
pressed as  a  percentage  <>f  the  original  dimension, 
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when  the  water  content  is  reduced  from  a  given 
value  to  the  shrinkage  limit. 

LIQUID  LIMIT: 

LL,  Lw,  wL  D 

(1)  The  water  content  corresponding  to  the 
arbitrary  limit  between  the  liquid  and  plastic 
states  of  consistency  of  a  soil. 

(2)  The  water  content  at  which  a  pat  of  soil, 
cut  by  a  groove  of  standard  dimensions,  will  flow 
together  for  a  distance  of  one-half  inch  under  the 
impact  of  25  blows  in  a  standard  liquid  limit 
apparatus. 

LIQUEFACTION  (SPONTANEOUS  LIQUE- 
FACTION): 
The  sudden  large  decrease  of  the  shearing  re- 
sistance of  a  cohesionless  soil.  It  is  caused  by  a 
collapse  of  the  structure  by  shock  or  other  type  of 
strain  and  is  associated  with  a  sudden  but  tempo- 
rary increase  of  the  pore-fluid  pressure.  It  in- 
volves a  temporary  transformation  of  the  material 
into  a  fluid  mass. 

LIQUIDITY  INDEX  (WATER  PLASTICITY 
RATIO)      (RELATIVE     WATER      CON- 
TENT) : 
B,  Bw,  IL  D 

The  ratio,  expressed  as  a  percentage,  of  (1)  the 
natural  water  content  of  a  soil  minus  its  plastic 
limit  to  (2)  its  plasticity  index. 

LOAM: 

A  mixture  of  sand,  silt,  or  clay,  or  a  combina- 
tion of  any  of  these,  with  organic  matter  (humus). 
It  is  sometimes  called  topsoil  in  contrast  to  the 
subsoils  that  contain  little  or  no  organic  matter. 

LOESS: 

A  uniform  aeolian  deposit  of  silty  material 
having  an  open  structure  and  relatively  high  co- 
hesion due  to  cementation  of  clay  or  calcareous 
material  at  grain  contacts.  A  characteristic  of 
loess  deposits  is  that  they  can  stand  with  nearly 
vertical  slopes. 

MODULUS  OF  ELASTICITY  (MODULUS  OF 
DEFORMATION) : 
E,  M  FL~2 

The  ratio  of  stress  to  strain  for  a  material  under 
given  loading  conditions;  numerically  equal  to 
the  slope  of  the  tangent  or  the  secant  of  a  stress- 
strain  curve.  The  use  of  the  term  Modulus  of 
Elasticitv  is  recommended  for  materials  that  de- 
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form  in  accordance  with  Hooke's  law;  the  term 
Modulus  of  Deformation  for  materials  that  de- 
form otherwise. 

MOHR  CIRCLE: 

A  graphical  representation  of  the  stresses  act- 
ing on  the  various  planes  at  a  given  point. 

MOHR  ENVELOPE  (RUPTURE  ENVELOPE) 
(RUPTURE  LINE): 
The  envelope  of  a  series  of  Mohr  Circles  rep- 
resenting stress  conditions  at  failure  for  a  given 
material.  According  to  Mohr's  rupture  hypothe- 
sis, a  rupture  envelope  is  the  locus  of  points  the 
coordinates  of  which  represent  the  combinations 
of  normal  and  shearing  stresses  that  will  cause  a 
given  material  to  fail. 

MOISTURE  CONTENT  (WATER  CONTENT): 
w  D 

The  ratio,  expressed  as  a  percentage,  of  (1)  the 
weight  of  water  in  a  given  soil  mass  to  (2)  the 
weight  of  solid  particles. 

MOISTURE  EQUIVALENT: 

CENTRIFUGE  MOISTURE  EQUIVA- 
LENT: 

Wc,  CME  D 

The  water  content  of  a  soil  after  it  has 
been  saturated  with  water  and  then  subjected 
for  one  hour  to  a  force  equal  to  1,000  times 
that  of  gravity. 

FIELD  MOISTURE  EQUIVALENT: 
FME 

The  minimum  water  content,  expressed 
as  a  percentage  of  the  weight  of  the  oven- 
dried  soil,  at  which  a  drop  of  water  placed 
on  a  smoothed  surface  of  the  soil  will  not  im- 
mediately be  absorbed  by  the  soil  but  will 
spread  out  over  the  surface  and  give  it  a 
shiny  appearance. 

MUCK 

An  organic  soil  of  very  soft  consistency. 

MUD : 

A  mixture  of  soil  and  water  in  a  fluid  or  weakly 
solid  state. 

MUSKEG: 

Level,  practically  treeless  areas  supporting  dense 
growth  consisting  primarily  of  grasses.  The  sur- 
face of  the  soil  is  covered  with  a  layer  of  partially 
decayed  grass  and  grass  roots  which  is  usually  wet 
and  soft  when  not  frozen. 
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NORMALLY     CONSOLIDATED    SOIL 
POSIT 

A   mhI   deposit    lluit    has   never   been   subject  e<l    to 

a  pressure  greater  than  the  existing  overburden 
pressure. 

OPTIMUM  MOISTURE  CONTENT  (OPTI- 
MUM WATER  CONTENT) 

OMC,  W  1) 

Tlie  neater  content  at  which  a  soil  can  be  com- 
pacted t<>  tlie  maximum  dry  unit  weight  l>.\  a  given 
compactive  effort. 

ORGANIC  CLAY: 
A  da\  wall  a  high  organic  content. 

ORGANIC  SILT: 

A  silt  with  a  high  organic  content 

ORGANIC  soil. 
Soil  with  a  high  organic  content.     In  general, 

Organic  soils  are  verv   compressible  and  have  poor 
load-sustaining  properties 

OVERCONSOLIDATED  soil,  DEPOSIT: 

A  Boil  deposit  t  hat  has  been  subjected  to  pressure 
greater  than  the  present  overburden  pressure. 

PARENT  MATERIAL: 

Material  from  which  u  soil  has  been  derived. 

PEAT: 

A  fibrous  mass  of  organic  matter  in  various 
stages  of  decomposition,  generally  dark  brown  to 
black  in  color  and  of  spongy  consistency. 

PENETRATION  RESISTANCE  (STANDARD 
PENETRATION  RESISTANCE)  (PROC- 
TOR PENETRATION  RESISTANCE): 

]>H,  N  FL~Z  or  blows  L-1 

(1)  Number  of  blows  of  a  hammer  of  specified 
weight  falling  a  given  distance  required  to  produce 
a  given  penetration  into  soil  of  a  pile,  casing,  or 
sampling  tube. 

(2)  Unit  load  required  to  maintain  constant 
rate  of  penetration  into  soil  of  a  probe  or  instru- 
ment. 

(3)  Unit  load  required  to  produce  a  specified 
penetration  into  soil  at  a  specified  rate  of  a  probe 
or  instrument.  For  a  Proctor  needle,  the  speci- 
fied penetration  is  2':  inches  and  the  rate  is  '.  inch 
per  second. 


PENETRATION        RESIS1  \\<  I-.       I  I  RVE 
PRO*   FOR  PENETRATION  CURA  E 

The  curve  showing  the  relationship  between    i 
the    penetration    resistance    and    i~2i    the    water 
content 

PERCENT  <  OMPAt  TION 

The  ratio,  expressed  as  a  percentage,  of  (1)  dry 

unit   weight  of  a  soil   lo  (2)  maximum   unit  weight 

obtained  m  a  laboratory  compaction  test 

PBRt  ENTSATURATION    DEGREE  OF  SAT- 
URATION) 

S  D 

The  ratio,  expressed  as  a  percentage,  of  (1)  the 

volume  of  water   in   a   given   soil   mass   to    (2)    the 

total  volume  of  intergranular  space  (voids 
PERCHED  WATER  TABLE 

A  water  table  usually  of  limited  area  main- 
tained  above   the  normal   free   water  elevation   by 

the  presence  of  an  intervening  relatively  imper- 

\  mils  confining  stratum. 

PERCOLATION 

The  movement  of  gravitational  water  through 
soil.     (See  Seepage.) 

PERMAFROST: 

Pen  nnially  frozen  soil. 

I'll 

/>/{  D 

An  index  of  the  acidity  or  alkalinity  of  a  soil  in 
terms  of  the  logarithm  of  the  reciprocal  of  the 
hydrogen  ion  concentration. 

PIEZOMETER: 

An  instrument    for  measuring  pressure  head 

PIEZOMETRIC  SURFACE: 

The  surface  at  which  water  will  stand  in  a  series 

of  piezometers 

PILE: 

Relatively  slender  structural  element  which  is 
driven,  or  otherwise  introduced,  into  the  soil, 
usually  for  the  purpose  of  providing  vertical  or 
lateral  support 

PI  IT  NO: 

The  movement   of  soil   particles  h\    percolating 

water  leading  to   the  development    of  channels 
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PLASTIC  EQUILIBRIUM: 

State  of  stress  within  a  soil  mass  or  a  portion 
thereof,  which  has  been  deformed  to  such  an  extent 
that  its  ultimate  shearing  resistance  is  mobilized. 
ACTIVE  STATE  OF  PLASTIC  EQUILIB- 
RIUM: 
Plastic  equilibrium  obtained  by  an  expan- 
sion of  a  mass. 

PASSIVE  STATE  OF  PLASTIC  EQUILIB- 
RIUM: 
Plastic  equilibrium  obtained  by  a  compres- 
sion of  a  mass. 

PLASTICITY: 

The  property  of  a  soil  which  allows  it  to  be 
deformed  beyond  the  point  of  recovery  without 
cracking  or  appreciable  volume  change. 

PLASTIC  FLOW  (PLASTIC  DEFORMA- 
TION): 
The  deformation  of  a  plastic  material  be- 
yond the  point  of  recovery,  accompanied  by 
continuing  deformation  with  no  further  in- 
crease in  stress. 
PLASTIC  LIMIT: 

wp,  PL,  Pw  D 

(1)  The  water  content  corresponding  to  an 
arbitrary  limit  between  the  plastic  and  the 
semisolid  states  of  consistency  of  a  soil. 

(2)  Water  content  at  which  a  soil  will  just 
begin  to  crumble  when  rolled  into  a  thread 
approximately  one-eighth  inch  in  diameter. 
PLASTIC  SOIL: 

A  soil  that  exhibits  plasticity. 

PLASTIC  STATE  (PLASTIC  RANGE): 

The  range  of  consistencj'  within  which  a 
soil  exhibits  plastic  properties. 
PLASTICITY  INDEX: 

/„,  PI,  Iu  D 

Numerical  difference  between  the  liquid 
limit  and  the  plastic  limit. 

PORE    PRESSURE    (PORE    WATER    PRES- 
SURE) : 
See  Neutral  Stress  under  Stress. 
POROSITY: 

n  D 

The  ratio,  usually  expressed  as  a  percentage,  of 
(1)  the  volume  of  voids  of  a  given  soil  mass  to  (2) 
the  total  volume  of  the  soil  mass. 
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POTENTIAL  DROP: 

Mi  L 

The  difference  in  pressure  head  between   two 
equipotential  lines. 

PRECONSOLIDATION     PRESSURE     (PRE- 

STRESS) : 

pc  FL-2 

The  greatest  pressure  to  which  a  soil  has  been 
subjected. 
PRESSURE: 

p  FL-2 

The  load  divided  by  the  area  over  which  it  acts. 
PRESSURE  BULB: 

The  zone  in  a  loaded  soil  mass  bounded  by  an 
arbitrarily  selected  isobar  of  stress. 

PRESSURE— VOID    RATIO    CURVE    (COM- 
PRESSION CURVE): 
A  curve  representing  the  relationship  between 
pressure  and  void  ratio  of  a  soil  as  obtained  from 
a  consolidation  test.     The  curve  has  a  character- 
istic shape  when  plotted  on  semilog  paper  with  i 
pressure  on  the  log  scale.     The  various  parts  of 
the  curve  and  extensions  to  the  parts  have  been 
designated  as  recompression,   compression,   virgin 
compression,     expansion,     rebound,     and     other 
descriptive  names  by  various  authorities. 

PRINCIPAL  PLANE: 

Each  of  three  mutually  perpendicular  planes 
through  a  point  in  a  soil  mass  on  which  the 
shearing  stress  is  zero. 

INTERMEDIATE   PRINCIPAL  PLANE: 

The  plane  normal  to  the  direction  of  the 
intermediate  principal  stress. 

MAJOR  PRINCIPAL  PLANE: 

The  plane  normal  to  the  direction  of  the 
major  principal  stress. 

MINOR  PRINCIPAL  PLANE: 

The  plane  normal  to  the  direction  of  the 
minor  principal  stress. 

PROCTOR  COMPACTION  CURVE: 

See  Compaction  Curve. 
PROCTOR  PENETRATION  CURVE: 

See  Penetration  Resistance  Curve. 
PROCTOR  PENETRATION  RESISTANCE: 

See  Penetration  Resistance. 
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PROGRESSH  E  FAILURE: 

Failure  in  which  the  ultimata  shearing  resistance 
i-  progreesh  elj  mobilized  along  the  failure  surface. 

QUICK  CONDITION   (QUICKSAND): 

Condition  in  which  water  is  flowing  upward 
with  sufficient  velocity  to  reduce  significantly  the 
bearing  capacity  <>f  the  soil  through  I  decrease  in 
intergranular  pressure 

QUICK  TEST: 

See  Unconsolidated  Undrained  Teal 

RADII  S  OF  INFLUENCE  OF  A  WELL: 
Distance  from   the  renter  of  the  well  t<>  the 

closest  point  nt  which  the  piezometric  surface  ii 

not     lowered     when     pumping    has    produced     the 
maximum  stead}    rate  of  How . 

KKI.ATI\  E  CONSISTENCY: 

I  ,(\  I ) 

Ratio  of  (1)  the  liquid  hunt  minus  the  natural 
water  content   to  (2)   the  pla-ticit\    index. 

RELATIVE  DENSITY: 

D4  I) 

The  ratio  of  1 1 1  the  difference  between  the  void 
ratio  of  a  cohesionless  soil  in  the  loosest  Btate  and 

any  given  void  ratio  to  (2)  the  difference  between 

it-  void  ratios  in  the  loosest  and  in  the  densest 

States 

REMOLDED  SOIL: 

Soil  that   has  had  its  natural  -tincture  modified 

by  manipulation. 
REMOLDING  INDEX: 

h  D 

The  ratio  of  (1)  the  modulus  of  deformation  of 
a  soil  in  the  undisturbed  state  to  (2)  the  modulus 
of  deformation  of  the  soil  in  the  remolded  state. 

REMOLDING  SENSmVITY  (SENSITIVITY 

RATIO): 

S,  I) 

The    ratio    of    (1)    the    unconfined    compressive 
Btrength  of  an   undisturbed  specimen  of  soil   to 
the    unconfined    compressive   Btrength    of   a 

specimen    of    the    same    -oil    after    remolding    at 
unaltered  water  content. 

RESIDUAL  SOIL: 

Soil  derived  in  place  by  weathering  of  the 
underlying  material. 


HOCK 

Natural  -ohd  mineral  inattei  occurring  m  large 
uui--e-  or  fragment! 

ROCK  FLOUR 

>ilt 

SAND 

1'artiele- of  rock  that  w  dl  pass  the  No    1    lulled 


States     Standard     sieve 

Mo  -'mi  sieve 


am 


he    retained    on    the 


SAND  BOIL 

The  ejection  of  sand  and  water  resulting  from 
piping. 

SEEPAGE  (PERCOLA1  l«>\ 
The    slow    movement    of   gravitational    water 

I  hrough  the  soil 

SEEPAGE  FOR<  E 

J  V 

The  force  transmitted  to  the  soil  grains  hv 
seepage 

SEEPAGE  \ ELOCITJ 

,  o,  1/1 

The  rate  of  discharge  of  seepage  water  through 
a  porous  medium  per  unit  area  of  void  space 
perpendicular  to  the  direction  of  flow. 

SENSITIVnY 
The  effect  of  remolding  on  the  consistency  of 

a  cohesive  soil. 

SHAKING  TEST: 

A  t  est  used  to  indicate  the  presence  of  significant 
amounts  of  rock  flour,  silt,  or  very  line  -and  in  a 
fine-grained  soil.  It  consists  of  shaking  a  pat  of 
wet  soil,  having  a  consistency  of  thick  paste,  in 
the  palm  of  the  hand;  observing  the  surface  for  a 

Lrln--y  or  livery  appearance;  then  squeezing  the 
pat  ;  and  observing  if  a  rapid  apparent  drying  and 
subsequent  cracking  of  the  soil  occurs. 

SHEAR  FAILURE  (FAILURE  BY  RUPTURE 

Failure  in  which  movement  caused  by  shearing 
see  in  a  soil  mass  is  of  sufficient  magnitude 
to  destroy    or  seriously  endanger  a  structure. 

GENERAL  SHEAR   FAILURE: 

Failure   in   which   the   ultimate  Strength   of 
the  soil  is  mobilised  along  the  entire  potential 
surface   of  sliding   before    the   structure   sup- 
ported   by    the    soil    i-    unpaired    h\ 
movement. 
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LOCAL  SHEAR  FAILURE: 

Failure  in  which  the  ultimate  shearing 
strength  of  the  soil  is  mobilized  only  locally 
along  the  potential  surface  of  sliding  at  the 
time  the  structure  supported  by  the  soil  is 
impaired  by  excessive  movement. 

SHEAR  STRENGTH: 

s  FL-2 

The  maximum  resistance  of  a  soil  to  shearing 

stresses. 

SHEAR  STRESS  (SHEARING  STRESS)  (TAN- 
GENTIAL STRESS) : 

See  Stress. 
SHRINKAGE  INDEX: 

SI  D 

The  numerical  difference  between  the  plastic 
and  shrinkage  limits. 

SHRINKAGE  LIMIT: 

SL  D 

The  maximum  water  content  at  which  a  reduc- 
tion in  water  content  will  not  cause  a  decrease  in 
volume  of  the  soil  mass. 

SHRINKAGE  RATIO: 

R  D 

The  ratio  of  (1)  a  given  volume  change,  ex- 
pressed as  a  percentage  of  the  dry  volume,  to  (2) 
the  corresponding  change  in  water  content  above 
the  shrinkage  limit,  expressed  as  a  percentage  of 
the  weight  of  the  oven-dried  soil. 

SILT  (INORGANIC  SILT)  (ROCK  FLOUR) : 

Material  passing  the  No.  200  United  States 
standard  sieve  that  is  nonplastic  or  very  slightly 
plastic  and  that  exhibits  little  or  no  strength  when 
air-dried. 

SILT  SIZE: 

That  portion  of  the  soil  finer  than  0.02  mm.  and 
coarser  than  0.002  mm.  (0.05  mm.  and  0.005  mm. 

in  some  cases). 

SKIN  FRICTION: 

./  FL-2 

The  frictional  resistance  developed  between 
soil  and  a  structure. 

SLAKING: 

The  process  of  breaking  up  or  sloughing  when 
an  indurated  soil  is  immersed  in  water. 


SLOW  TEST: 

See  Consolidated-Drained  Test. 

SOIL  (EARTH)  : 

Sediments  or  other  unconsolidated  accumula- 
tions of  solid  particles  produced  by  the  physical 
and  chemical  disintegration  of  rocks,  and  which 
may  or  may  not  contain  organic  matter. 

SOIL  MECHANICS: 

The  application  of  the  laws  and  principles  of 
mechanics  and  hydraulics  to  engineering  problems 
dealing  with  soil  as  an  engineering  material. 

SOIL  PHYSICS: 

The  organized  body  of  knowledge  concerned 
with  the  physical  characteristics  of  soil  and  with 
the  methods  employed  in  their  determinations. 

SOIL  PROFILE  (PROFILE) : 

Vertical  section  of  a  soil,  showing  the  nature  and 
sequence  of  the  various  layers,  as  developed  by 
deposition  or  weathering,  or  both. 

SOIL  STABILIZATION. 

Chemical  or  mechanical  treatment  designed  to 
increase  or  maintain  the  stability  of  a  mass  of  soil 
or  otherwise  to  improve  its  engineering  properties. 

SOIL  STRUCTURE: 

The  arrangement  and  state  of  aggregation  of 
soil  particles  in  a  soil  mass. 

FLOCCULENT  STRUCTURE: 

An  arrangement  composed  of  floes  of  soil 
particles  instead  of  individual  soil  particles. 
HONEYCOMB  STRUCTURE: 

An   arrangement   of   soil   particles   having 
a  comparatively   loose,   stable   structure   re- 
sembling a  honeycomb. 
SINGLE-GRAINED  STRUCTURE: 

An  arrangement  composed  of  individual 
soil  particles;  characteristic  structure  of 
coarse-grained  soils. 

SOIL  SUSPENSION: 

Highly  diffused  mixture  of  soil  and  water. 
SOIL  TEXTURE: 

See  Gradation. 
SPECIFIC  GRAVITY: 

SPECIFIC  GRAVITY  OF  SOLIDS: 
G„  Ss  D 

Ratio  of  (1)  the  weight  in  air  of  a  given 
volume  of  soil  solids  at  a  stated  temperature 
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to  (2)  the  weight  in  air  of  an  equal  volume  of 
distilled  water  tit  ■  Btated  temperature 

APPARENT  SPECIFIC  GR  \\  IT1 
Q..S,  I) 

Kn i H >  of  Mi  the  weight  in  air  <>f  ■  given 
volume  <>f  the  impermeable  portion  <>f  a 
permeable  material  (thai  is  the  solid  matter 
including  its  impermeable  pons  or  voids)  at 
it  stated  temperature  to  (2)  the  weight  in  air 
of  mi  equal  volume  of  distilled  water  at 
a  stated  temperature. 

BULK  SPECIFIC  GRAVITY   (SPECIFIC 
MASS  GR  w  11  1 

>,     S  I) 

Ratio  of  iii  the  weight  in  air  of  s  given 
volume  <>f  a  permeable  material  (including 
hot  1 1  permeable  and  impermeable  voids  normal 
to  tlif  material)  at  a  Btated  temperature  to 
tlir  weight  in  air  of  an  equal  volume  of 
distilled  water  at  a  Btated  temperature. 

SPECIFIC  SURFACE 

L  ' 
The  surface  area   per  unit   of  volume  of  soil 
particles. 

STABILITY     FACTOR    (STABILITY     MM 
BER): 
N,  I) 

A  pure  Dumber  used  in  the  analysis  of  the 
stability  of  a  M.il  embankment.  Defined  by  the 
following  equation: 

c 
where:  //,.    critical  height  of  the  sloped  bank, 
7,  =  the  effective  unit  weight  of  the 

soil,  and 
C=the  cohesion  of  the  soil. 
Nora.     Taylor's  stability  number  i^  the  reciprocal 

of  Tenagbi'a  stability  factor. 

STICKY  LIMIT: 

r.  i) 

The  lowest  water  content  at  winch  a  si.il  will 
stick  to  a  metal  blade  drawn  across  (lie  BUrface 
of  the  soil  mass. 

STONE: 
Crushed  or  naturally  angular  particles  of  rock 

that    will    pass  a   H-ineh  sieve  and    he  retained   on 
a  No.  4  United  Mates  standard  sieve. 


S'l 


giv 
ST 


RAIN 

<■  I) 

I'lic  change  in  length  per  unit  of  length  in  a 

en  direct  ion. 

RESS 

a,  j>.  I  II.   « 

Die  force  per  unit  area  acting  within  |  he  soil  mass 

i  i  I  K<  Ti\  E       STR1  EFFEt  TI\  L 

PRESS1  RE  ivi  ERGR  \\l  LAR 

PRESSURE 

a  J  II 

The  average  normal   force  per  unit   area 

transmit  led  from  grain  to  grain  of  a  soil  mass 

It  is  the  stress  that  is  effective  in  mobilizing 

internal  friction. 

NEUTRAL  STRESS    PORE  PRESS1  hi. 
(PORE    WATER    PRESSURE 

U,    U  *  II. 

Stress  transmitted  through  the  pore  water 

water  filling   the   VOidfl  of  llie  Boil). 
NORMAL  STRESS 

a.  p  PL"1 

The  Btress  component   normal  to  a  given 
plane. 
PRINCIPAL  STRESS: 

a,,  a>,  a3  I'  L 

Stress    acting    normal     to     three     mutually 
perpendicular    planes    intersecting   at    a    point 

in  a  body,  on  which  the  shearing  stress  is 

zero. 

MAJOR  PRINCIPAL  STRESS 

FL-" 

The     largest      (with     regard     to     sign) 

principal  stress. 

MINOR  PRINCIPAL  STRESS 

FL-« 

The    smallest      with    regard    to    s|Lr|, 
principal  sti  ■ 
INTERMEDIATE    PRINCIPAL 

STRESS 

a  j  FL 

The    principal    stnss    whose    value    is 
neither     the     largest     nor     the     smallest 

(with    regard    to   -il-ih    of   the    thr- 

SHEAR   STRESS   (SHEARING   STRESS 
TANGENTIAL  STRESS 

KL 
The     stress     component     tangential     1"     a 
gi\  en  plane. 


494 


DESIGN  OF  SMALL  DAMS 


TOTAL  STRESS: 

a,f  FL-2 

The  total  force  per  unit  area  acting  within 
a  mass  of  soil.  It  is  the  sum  of  the  neutral 
and  effective  stresses. 

SUBBASE: 

A  lajrer  used  in  a  pavement  system  between  the 
subgrade  and  base  course,  or  between  the  sub- 
grade  and  portland-concrete  pavement. 

SUBGRADE: 

The  soil  prepared  and  compacted  to  support  a 
structure  or  a  pavement  system. 

SUBGRADE  SURFACE: 

The  surface  of  the  earth  or  rock  prepared  to 
support  a  structure  or  a  pavement  system. 

SUBSOIL: 

(1)  Soil  below  a  subgrade  or  fill. 

(2)  That  part  of  a  soil  profile  occurring  below 
the  A  horizon. 

TALUS: 

Rock  fragments  mixed  with  soil  at  the  foot  of  a 
natural  slope  from  which  they  have  been  separated. 

THERMO-OSMOSIS: 

The  process  by  which  water  is  caused  to  flow  in 
small  openings  of  a  soil  mass  due  to  differences  in 
temperature  within  the  mass. 

THIXOTROPY: 

The  property  of  a  material  that  enables  it  to 
stiffen  in  a  relatively  short  time  on  standing,  but 
upon  agitation  or  manipulation  to  change  to  a 
very  soft  consistency  or  to  a  fluid  of  high  viscos- 
ity, the  process  being  completely  reversible. 

TILL: 

See  Glacial  Till. 

TIME  FACTOR: 

T„  T  D 

Dimensionless  factor,  utilized  in  the  theory  of 
consolidation,  containing  the  physical  constants 
of  a  soil  stratum  influencing  its  time-rate  of  con- 
solidation, expressed  as  follows: 

„    k(l  +  e)t     cvt 


a</Yt 


H2     H2 


Mhere:  k  =  coefficient  of  permeability  (LT_1), 
e  =  void  ratio  (dimensionless), 
t  =  elapsed   time   that   the  stratum   has   been 
consolidated  (T), 
«,=  coefficient  of  compressibility  (L2F_I). 
7„,  =  unit  weight  of  water  (FLr3), 
H=  thickness  of  stratum  drained  on  one  side 
only  (if  stratum  is  drained  on  both  sides, 
its  thickness  equals  2H  (L)),  and 
c„=  coefficient  of  consolidation  (L2T_1). 

TOPSOIL: 

Surface  soil  usually  containing  organic  matter. 

TORSIONAL  SHEAR  TEST: 

A  shear  test  in  which  a  relatively  thin  test 
specimen  of  solid  circular  or  annular  cross  section 
usually  confined  between  rings,  is  subjected  to  an 
axial  load  and  to  shear  in  torsion.  In-place  tor- 
sion shear  tests  may  be  performed  by  pressing  a 
dentated  solid  circular  or  annular  plate  against 
the  soil  and  measuring  its  resistance  to  rotation 
under  a  given  axial  load. 

TOUGHNESS  INDEX: 

J-Ti    J-  W 

The  ratio  of  (1)  the  plasticity  index  to  (2)  the 
flow  index. 

TRANSFORMED  FLOW  NET: 

A  flow  net  whose  boundaries  have  been  properly 
modified  (transformed)  so  that  a  net  consisting  of 
curvilinear  squares  can  be  constructed  to  repre- 
sent flow  conditions  in  an  anisotropic  porous 
medium. 

TRANSPORTED  SOIL: 

Soil  transported  from  the  place  of  its  origin  by 
wind,  water,  or  ice. 

TRIAXIAL  SHEAR  TEST  (TRIAXIAL  COM- 
PRESSION TEST): 
A  test  in  which  a  cylindrical  specimen  of  soil 
encased  in  an  impervious  membrane  is  subjected 
to  a  confining  pressure  and  then  loaded  axially  to 
failure. 

TURBULENT  FLOW: 

That  type  of  flow  in  which  any  water  particle 
may  move  in  any  direction  with  respect  to  any 
other  particle,  and  in  which  the  head  loss  is  ap- 
proximately proportional  to  the  second  power  of 
the  velocity. 
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The  average  load  per  unit  of  area  required  to 
produce  failure  l>.\    rupture  <>f  ■  supporting 
mass 

UNCONFINED  COMPRESSH  K  STRENGTH 
( !ompressh  e  Strength. 

UNCONSOLIDATED  I  \  1 1  R  A  I  \  ED  TEST 
Ql  K'K  TEST 
\  soil  test  m  which  the  water  content  of  the  teal 
specimen  remains  practically  unchanged  during 
the  application  of  the  confining  pressure  and  the 
additional  axial  (or  shearing)  force. 

I  NDERCONSOLIDATED  SOIL  DEPOSIT: 

A  deposit  that  is  not  fully  consolidated  under 
tlir  existing  overburden  pressure. 

UNDISTURBED  SAMPLE 

A  -oil  sample  that  lias  been  obtained  l>.\  methods 

m  which  ever)   precaution  has  been  taken  to  mini- 
mize disturbance  to  the  sample. 

UNIT  WEIGHT: 

7  FL"" 

Weight  per  unit  volume. 

DRY     UNIT     WEIGHT 
WEIGHT): 

7</.  70 
The  weight  of  soil  solids  per  unit  of  total 
volume  of  Boil  mass. 


UNIT     DRY 
FL-" 


EFFECTIVE  UNIT  WEIGHT: 

7.  FL~» 

That  unit  weight  of  a  soil  which,  when 
multiplied  by  the  height  of  the  overlying 
column  of  soil,  yields  the  effective  pressure 
due  to  the  weight  of  the  overburden. 

MAXIMUM   UNIT  WEIGHT: 

imax  FL-3 

The  dry  unit  weight  defined  by  the  peak  of 
a  compaction  curve. 

SATURATED  UNIT  WEIGHT: 

7c  y,al  FL-3 

The  wet  unit  weight  of  a  soil  ma—  when 
saturated. 


SUBMERGED    UNIT    WEIGHT     I'd  01 
ANT  l  NIT  u  BIGHT 

7W.  7'.7.,.6  M. 

The  weight  of  the  solids  in  air  minus  the 
weight  of  water  displaced  bj  the  solids  per 
unit  of  volume  of  soil  mass;  the  saturated  unit 

weight  minus  the  unit  weight  of  water 

UNIT  WEIGHT  OF  w  ITER 

7.  FL"' 

The  weight  per  unit  volume  of  water; 
nominally  equal  to  82  »  pounds  per  cubic  fool 
oi  i  gram  per  cubic  centimeter 

w  1:1     i  \it     WEIGHT      MASS     UNIT 
WEIGHT 

7m.  7*,,  FL"» 

The  weight  (solids  plus  water)  per  unit  of 

total  volume  of  soil  ma--,  irrespective  of  the 
degree  of  saturation. 

ZERO  AIR  VOIDS  UNIT  WEIGHT: 

7,  FL"3 

The  weight  of  solids  per  unit  volume  of  a 

Bat  united  -oil  mass. 

UPLIFT: 

Unit:  u  FL 

Total:    U  V  -.1    FL"1 

The    upward    water    pressure    on    a    -tincture. 

VANE  SHEAR  TEST: 

An  inplace  shear  test  in  which  a  rod  with  thin 
radial  vanes  at  the  end  is  forced  into  the  soil  and 
the  resistance  to  rotation  of  the  roil  i-  determined 

VARVED  (LAV: 

Alternating  thin  layer-  of  -ilt   (or  fine  -and    and 

clay  formed  by  variations  in  sedimentation  during 

the  various  seasons  of  the  year,  often  exhibiting 
contrasting  colors  when  partially  dried. 

VOID: 

Space  in  a  -oil  mass  not  occupied  by  solid  min- 
eral matter.  This  space  may  hi'  occupied  by  air. 
water,  or  other  gaseous  or  liquid  material. 

VOID   RATIO: 

1) 

The  ratio  of  |  1  |  the  volume  of  void  space  t"     2 

the  volume  of  solid  particles  m  a  given  sod  mass 
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CRITICAL  VOID  RATIO: 

ec  D 

The  void  ratio  corresponding  to  the  critical 
density. 

VOLUMETRIC  SHRINKAGE  (VOLUMETRIC 

CHANGE) : 

Vs  D 

The  decrease  in  volume,  expressed  as  a  percent- 
age of  the  soil  mass  when  dried,  of  a  soil  mass  when 
the  water  content  is  reduced  from  a  given  per- 
centage to  the  shrinkage  limit. 

WALL  FRICTION: 

/'  FL-2 

Frictional  resistance  mobilized  between  a  wall 
and  the  soil  in  contact  with  the  wall. 
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WATER  CONTENT: 
See  Moisture  Content. 

WATER-HOLDING  CAPACITY: 

D 

The  smallest  value  to  which  the  water  content 
of  a  soil  can  be  reduced  by  gravity  drainage. 

ZERO   AIR   VOIDS   CURVE    (SATURATION 
CURVE) : 

The  curve  showing  the  zero  air  voids  unit  weight 
as  a  function  of  water  content. 

ZERO    AIR    VOIDS    DENSITY    (ZERO    AIR 
VOIDS  UNIT  WEIGHT) : 

See  Unit  Weight, 
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Construction  of  Embankments 


DR.  J.  W    HILF 


E-1.  General.  The  iinrsMiv  for  control  of  con- 
struction of  embankments  to  impound  water  has 
been  recognized  for  man)  yean  In  1932,  Justin 
[1]  •'  wrote: 

"An  entirely  aafe  and  substantia]  design  ma\  be 
entire!}  ruined  l>\  careless  and  Bhoddy  execution, 
uinl  the  failure  of  the  structure  may  very  possibly 
be  the  result.  Careful  attention  to  the  details  of 
construction  is,  therefore,  fully  as  important  as 
the  preliminary  investigation  and  design." 

The  consequences  of  ignoring  control  are 
exemplified  1>.\  the  large  number  of  earthfill  dams 
l)inlt  in  the  United  States  during  the  first  quarter 
of  this  century  which  did  not  survive  the  first 
tilling  of  the  reservoir.      Records  show   that    most 

of  these  dn in-  were  constructed  without  moistening 
soil  and  without  applying  special  compactive 
effort. 

The  rapid  increase  in  knowledge  of  soil  mechan- 
ic- Bince  the  year  1925  has  resulted  in  substantial 
progress  toward  understanding  the  factors  involved 
in    transforming    loose    earth    into    a    structural 

material.      During  this  same  period,  however,  the 

development    of   huge   economical    earth-moving 

machines  has  increased  the  placing  rate  of  earthfill 
niaii\  times,  thereby  intensifying  the  problem  of 
quality  control.  Future  progress  in  design  econ- 
omy in  the  field  of  earthwork  depends  not  only 
on  advances  in  soil  mechanics  and  foundation 
feigineering,   but   also   to  a   large  extent   on   the 

insistence  of  inspection  personnel  on  good  con- 
struction   practices    in    accordance    with    proper 

specifications  and  on  their  ability  to  understand 
and  conscientiously  apply  sound  control  tech- 
oiqui 

1  Engineer,  Earth  Dams  Section,  Buiwii  of  BoobmdbMob 

'  Numbers  In  brackets  refer  to  itema  in  the  bibliography.  ■*•(■    K   II 


Construction  control  i-  obtained  bj  inspection, 

testing,  and  reports.  The  inspector  of  founda- 
tions and  earthwork  is  charged  with  the  responsi- 
bility of  assuring  that  work  assigned  to  him  is 
completed  in  compliance  with  the  specifications 
To    discharge    this    responsibility    efficiently,    be 

should  be  fully  informed  of  the  design  and  BDecifi- 

cations    provisions    relating    to    the    work.     The 
attributes    of    fairness,    courtesy,    and    firmm 
coupled    with    initiative   and   good   judgment,   are 
highly  desirable  in  an  inspector.      The  inspector's 
diary,  containing  data  on  conditions  and  progn 

of    the    work    and    records    of    conversations    and 

instructions  given  to  the  contractor,  is  a  valuable 

document  that  should  be  carefully  preserved. 
Proper  control  of  earthwork  requires  the  ii 
laboratory  facilities.    For  small  dams  these  can  be 
of  the  portable  variety  or  a  small  field  laboratory 

can  be  set  up  in  the  vicinity  of  the  site.  In  most 
cases  commercial  laboratory  facilities  can  be  used. 
The  control  procedures  recommended  in  thi>  text 
will  minimize  the  cost  of  control  testing  consistent 
with  assuring  a  satisfactory  job. 

Discoveries  of  remnants  of  earthfill  dams  indi- 
cate that  man's  first  engineering  structures  prob- 
ably were  made  of  earth.  The  ancient  earthfill 
dams  were  constructed  by  armies  of  workmen  car- 
rying baskets  loaded  with  soil.  Kxcavation  un- 
done manually,  and  some  incidental  compaction 
was  obtained  on  the  fill  by  the  tramping  feet  of  the 

porters.  Available  records  do  QOt  indicate  that 
there  was  any  intentional  moistening  or  compact- 
ing of  soil  prior  to  the  1 9th  century.  The  impor- 
tance of  compaction  of  earthfill  Wtfl  first   evident 

m  England  where,  by  the  year  1820,  cattle  and 

sheep  were  u-e.l  for  t  hi-  purpose  By  the  middle  of 
the    1 9th   century,   heavy   smooth   roller-   made  of 
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concrete  or  metal  were  in  use  in  Europe  and  had 
also  been  introduced  in  the  United  States. 

The  first  sheepsfoot  roller,  the  "Petrolithic" 
roller,  was  patented  in  the  United  States  in  1906 
for  use  in  compacting  oil-treated  road  surfacing. 
The  most  notable  early  use  of  the  sheepsfoot  roller 
for  compaction  of  fills  started  in  1912  in  the  con- 
struction of  storage  reservoirs  by  the  oil  companies 
of  southern  California.  This  type  of  roller  was 
found  to  be  the  only  one  which  compacted  the  fill 
in  layers  and  gave  uniform  compaction  without 
producing  laminations.  Largely  because  of  the 
development  of  the  automobile  and  the  airplane, 
which  require  roadbeds  and  airport  subgrades  of 
great  strength,  larger  and  heavier  rollers  were  de- 
veloped by  the  construction  industry  in  the  first 
half  of  the  20th  century. 

Published  material  on  moisture  control  for 
rolled  fills  dates  back  to  1907  when  Bassell  [2], 
wrote: 

"Too  much  or  too  little  (water)  is  equally  bad 
and  is  to  be  avoided.  It  is  believed  that  only  by 
experience   is   it   possible   to   determine   just   the 


DESIGN  OF  SMALL  DAMS 


proper  quantity  of  water  to  use  with  different 
classes  of  materials  and  their  varying  conditions. 
In  rolling  and  consolidating  of  the  bank,  all  por- 
tions that  have  a  tendency  to  quake  must  be 
removed  at  once   *  *  *," 

It  was  not  until  1933  that  a  definite  procedure  for 
moisture  and  compaction  control  was  established. 
In  a  series  of  articles  published  in  1933,  Proctor  [3] 
gave  the  principles  of  soil  compaction  and  their 
application.  Figure  90  shows  the  Proctor  com- 
paction curve,  which  indicates  that  for  a  given 
compactive  effort  there  is  one  water  content,  called 
the  optimum  water  content,  which  produces  the 
maximum  density  or  smallest  amount  of  total 
voids  for  a  given  cohesive  soil.  For  greater  com-' 
pactive  efforts  on  the  same  soil,  different  moisture- 
density  curves  are  obtained,  whose  optimum 
points  occur  at  smaller  water  contents  and  at 
greater  densities  than  for  lesser  compactive  efforts. 
Figure  E-l  shows  embankment  placing  opera- 
tions at  Shadow  Mountain  Dam.  The  maximum 
section  of  this  dam  is  shown  in  figure  150,  and 
photographs  of  the  completed  structure  are  shown 
in  figure  94  and  in  the  frontispiece. 


Figure  E-1.     Embankment  placing  operations  in  impervious,  sand-gravel,  and  cobble-rockfill  zones.     The  structure  is  Shadow 
Mountain  Dam  on  the  Colorado  River  in  Colorado.     SM-156-CBT. 
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E-2.  Soil  Mechania  of  Control.  Compaction  of 
cohesive  soils  has  been  definitely  proved  to  fol- 
low  the  principles  Btated  bj    Proctor.     Although 

there   are   many    kinds   of  COmpactive   efforl    u-«d 

n  1 1  ompaction  standards  and  for  compacting  cohe- 
sive Boils,  the  effect  of  variation  of  water  content 
on  the  resulting  unit  weight  i-  Bimilar  for  all 
methods.  Bach  compactive  effort  baa  its  own 
optimum  water  content.  The  laboratory  stand- 
ard of  compaction  used  l>\  the  Bureau  <»f  Recla- 
mation, which  has  the  same  intensity  of  efforl 
n-  ISTM  Designation  I)  698  42T  (aee  sec 
1 1 .".  r),  has  been  found  to  approximate  the  actual 
compaction  achieved  in  the  field  l>\  12  pass 
the  20-ton  dual-drum  tamping  roller  specified  in 
■action  <i  20  (appendix  (>    <»ii  8-  to  9-inch  loose 

lift  -  (6-inch  compacted  lifts).  The  relation  be- 
tween the  moisture-density    curve  for  this  roller 

effort     »>n    the    till    and    the    standard    laboratory 

compaction  curve  varies  for  different  soils,  but  it 
is  close  enough  so  that   the  laboratory   Btandard 

can  l>e  used  for  control  purposes.  Figure  K  2 
[■})  shows  the  average  roller  curves  for  three  very 
different    -oil-   used   in   Bureau  dams  with   their 

respective    laboratory    curve- 
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Figure  E-2.      Average  field  and  laboratory  compaction  curvet 
for  three  dam  embankment  soils. 


In  compacted  cohesive  soils,  permeability, 
shearing  strength,  and  compressibility  are  of  majoi 
concern,  It  has  been  shown,  both  theoretically 
and  bj  experiment,  that  an  increase  in  drj   unit 

Weight     reduce-    the     pclllleablllt  \     of    a     LTIVen     -oil 

because  of  the  corresponding  reduction  m  amount 

of    VOidl    in    the    -oil    in  .in    the    standpoint 

of  imperviousness,  it  i-  desirable  to  obtain  maxi- 
mum   practicable   compaction      Extreme   imp 
meability,  however,  i-  not  always  required  in  the 
design  and.  especially   in  the  case  of  clays,  only 

moderate   COmpactive   effort     i-    needed    to    assure 

impermeability.     On  the  other  hand,  well-graded 

sandfl  and  gravels,  or  even  formation  rock,  can 
be    made    quite    iinperv  ion-    b\     the    crushing    and 

compacting  effort  of  heav}   tamping  rollers 

The  embankment  designs  given  in  chaplci  Y 
are  based  on  values  of  angles  of  internal  friction 
and    cohesion    obtained     by    laboratory     tests    on 

typical  Boils.  Compaction  control  baa  the  objec- 
tive of  securing  a  dry  den-it  \  of  -oil  in  the  fill 
Sufficient   to  obtain  Strength  value-  comparable  to 

those  used  iii  these  designs.     Although  the  effect 

of    denaitj     on    cohesion    i-    small    in    comparison 
with  the  effect  of  variation  of  water  content.  U 
data  indicate  that   the  true  angle  of  internal  fric- 
tion of  a  given  -oil  varies  with  the  compactm 
of  the  soil.      The  angle  of  internal  friction   varies 

ai g   soils    because   of   differences   in    mineral 

composition  and  in  the  -i/e.  shape,  and  gradation 

of  the  -oil  grains. 

For  cohesive  -oil-  the  maximum  Btrength  ob- 
tainable with  a  given  compactive  effort  doe-  not 
occur  at  that  water  content  which  results  in  the 
maximum  density,  but  rather  at  a  slightly  reduced 
water  content  with  a  density  -oinewhat  less  than 
maximum.  This  condition  results  because  pore 
pressures  produced  by  compressive  forces  act    to 

reduce   the  apparent    Btrength  of  the  soil.      Tl 
pore   pt  rapidly   with   increases  in 

water  content  in  the  vicinity  of  the  peak  of  the 
Compaction  curve.  Compaction  of  the  soil  at 
water  contents  slightly  less  than  optimum  result- 
in  a  net  increase  in  strength,  because  the  Blight 
reduction  m  shearing  Strength  (which  accompanies 
the  reduction  in  denaitj  i-  more  than  compen- 
sated by  the  comparatively  large  reduction  in  the 
destabilizing    pore    pressures    which    is    thereby 

obtained. 
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The  compressibility  of  a  soil  is  the  relation 
between  effective  stress  on  the  soil  skeleton  and 
the  volume  change.  Impermeable-type  soils  vary 
in  compressibility,  depending  on  the  amount  and 
character  of  the  fines  and  according  to  the  amount 
and  gradation  of  coarse  particles  they  contain. 
For  a  particular  soil  at  a  given  water  content,  the 
greater  the  density  the  less  compressible  it  will 
be.  The  relation  between  compressibility  and 
development  of  construction  pore-water  pressure 
is  such  that,  for  a  particular  air  and  water  content, 
the  pore  pressure  increases  rapidly  with  increase 
in  compressibility.  In  general,  a  very  compres- 
sible cohesive  soil  will  develop  high  pore  pressures 
when  loaded  unless  there  is  an  appreciable  amount 
of  air  in  the  compacted  soil.  The  most  efficient 
means  of  obtaining  air  in  the  soil  and  still  have 
a  fairly  high  density  is  to  compact  the  soil  at  a 
water  content  slightly  less  than  Proctor  optimum. 

Coarse-grained,  permeable-type  soils,  also 
known  as  cohesionless  or  free-draining  soils,  are 
commonly  used  as  major  zones  in  earthfill  dams 
and  as  backfill  around  conduits  or  behind  retaining 
walls.  This  type  of  soil  is  also  used  as  filter 
material  for  drainage  in  wells  and  around  hy- 
draulic structures.  These  soils  are  inherently 
permeable  and  have  fairly  high  shearing  strengths 
when  compacted.  However,  in  the  uncompacted 
state  they  are  compressible  and  may  be  subject 
to  liquefaction  upon  saturation.  The  desirable 
properties  of  high  strength  and  low  compressi- 
bility can  be  greatly  improved  by  compaction  of 
permeable-type  soils.  Although  permeability  is 
thereby  decreased,  the  reduction  is  usually  allow- 
able from  a  design  standpoint. 

The  most  efficient  method  of  compacting  co- 
hesionless soils  is  by  vibration  when  the  material 
is  either  perfectly  dry  or  when  it  is  nearly  saturated 
with  water.  The  latter  method  is  usually  the 
only  practicable  one  in  the  field,  since  perfectly 
dry  material  seldom  occurs  naturally.  The  shear- 
ing strength  of  permeable  materials,  such  as  fairly 
clean  sands  and  gravels  or  rockfills,  depends  almost 
entirely  on  the  angle  of  internal  friction.  Co- 
hesion is  negligible,  and  pore-water  pressures  are 
never  greater  than  hydrostatic  pressure  because 
of  free  drainage  of  the  soil.  The  angle  of  internal 
friction  is  a  function  of  the  size,  shape,  and  grada- 
tion of  the  grains,  but  for  a  given  cohesionless  soil 
its  magnitude  varies  significantly  with  the  void 
ratio.     The  state  of  compactness  of  the  soils  is 


given  by  their  relative  density,  which  is  defined 
in  section  115(f). 

E-3.  Preparation  of  Foundations. — Foundation 
design  features  have  been  discussed  in  chapter  V, 
part  C.  The  weak  points  in  earthfill  dam  con- 
struction are  generally  within  the  foundation  and 
at  the  contact  of  the  natural  ground  surface  with 
placed  embankment.  Construction  of  the  founda- 
tion seepage  control  and  stability  features  included 
in  the  design  must  be  carefully  supervised  by  the 
inspection  force  in  accordance  with  the  specifica- 
tions. Dewatering  methods  used  in  connection 
with  excavating  cutoff  trenches  or  stabilizing  the 
foundations  should  be  carefully  checked  to  see 
that  fine  material  is  not  being  washed  out  of  the 
overburden  because  of  improper  screening  of  wells. 
Whenever  possible,  well  points  and  sumps  should 
be  located  outside  the  area  to  be  excavated  to 
avoid  creation  of  a  "live"  bottom  due  to  upward 
flow  of  water.  Concrete  footings  for  cutoff  walls 
or  concrete  grout  caps  should  be  founded  on 
unfractured  rock.  Blasting  for  the  excavation  of 
these  structures  should  be  prohibited  or  strictly 
controlled  in  accordance  with  the  specifications  to 
avoid  shattering  the  foundation. 

When  overburden  is  stripped  to  rock  founda- 
tions, the  rock  surface  including  all  pockets  or 
depressions  should  be  carefully  cleaned  of  soil  or 
rock  fragments  before  placing  the  embankment 
upon  it.  This  may  require  handwork  and  com- 
pressed-air cleaning.  Rock  surfaces  which  dis- 
integrate rapidly  on  exposure  should  be  covered 
immediately  with  embankment  material. 

When  the  foundation  is  earth,  all  organic  or 
other  unsuitable  materials,  such  as  stumps, 
brush,  sod,  and  large  roots,  should  be  stripped  and 
wasted.  Stripping  operations  should  be  carefully 
performed  to  assure  removal  of  all  material  that 
may  be  rendered  unstable  by  saturation,  of  all 
material  that  may  interfere  with  the  creation  of  a 
proper  bond  between  the  foundation  and  the  em- 
bankment, and  of  all  pockets  of  soils  significantly 
more  compressible  than  the  average  foundation 
material.  Stripping  of  pervious  materials  under 
the  pervious  or  semipervious  zones  of  an  embank- 
ment should  be  limited  to  the  removal  of  surface 
debris  and  grass  roots.  Test  pits  for  further  ex- 
ploration should  be  excavated  if  the  stripping 
operations  indicate  the  presence  of  unstable  or 
otherwise  unsuitable  material,  and  an  inspection 
should  be  made  by  an  experienced  engineer. 
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Prior  to  placing  the  firs!  layer  of  embankment 
on  an  earth  foundation,  moistening  and  compact- 
ing the  surface  b)  rolling  with  ■  tamping  roller  is 
-ai  \  in  obtain  proper  bond.  Rock  founda- 
tion Burfaces  should  be  moistened,  l»ut  no  Btanding 
irater  Bhould  !><■  permitted  when  the  firel  lifi  is 
placed.  Sometimes  the  foundation  surface  re- 
quires scarification  l>y  harrows  to  assure  proper 
bonding;  however,  no  additional  scarification  is 
nsualrj  necesaar}  if  il  is  penetrated  by  tamping 
rollers  Where  the  rock  foundation  would  be 
injured  In  penetration  of  the  tamping  roller  feet, 
it  i>  permissible  to  use  a  thicker-than-specified 
layer  of  earthfill  for  the  lirsi  compacted  layer 
However,  the  firel  layer  should  never  exceed  15 
inches  loose  hfi  for  9-inch-4ong  tamper  feet,  and 
additional  roller  passes  are  required  to  insure  that 
proper  compaction  is  obtained.  Special  compac- 
tion methods  Buch  as  hand  tamping  should  be 
Died  in  pockets  that  cannot  be  compacted  by  the 


specified  roller,  instead  of  permitting  an  unusually 

thick    initial    lift    to  obtain   a    uniform   surface   for 

compaction. 

I     .  show-,  power  tamping  operations 
along  the  contact  of  the  earthfill  portion  of  t  dam 
with  the  rock  abutment      The  irregular  surfs 
the  rock  prevents  proper  compaction  bj  mean--  of 
rollers 
The  use  of  very  wet  sod  for  the  firsl  lift  against 

the  foundation  should  generally  he  avoided; 
rather,  the  foundation  should  he  propeil\  moist- 
ened.   On  steep,  irregular  rock  abutments  material 

wetter  than  optimum  may  he  necessar}  or  de- 
sirable in  order  to  obtain  hond.  However,  the 
use  of  Buch  material  should  he  permitted  only  in 

special  cases  with  the  appro\al  of  the  contracting 

authority,    ("are  must  be  OTorciflod  when  special 

Compaction  is  used  to  insure  that  hond  is  created 
between  successive  layer--  of  material  This  may 
require  li^ht  scarification  between  lifts  of  tamped 


Figure  E-3.      Power  tamping  of  earthfill  at  contact  with  irregular  surface  of  rock  abutment.      Thii  structure  is  Gieen  Mountain 

Dam  on  the  Blue  River  in  Colorado.      GM-375-CBT. 
484556  O— 60 34 
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material.  Appendix  G  contains  sample  specifica- 
tions pertinent  to  items  of  work  required  for  prepa- 
ration of  foundations. 

E-4.  Earthfill. — Specifications  provisions  for  con- 
trol of  placement,  water  content,  and  compac- 
tion of  earthfill  are  given  in  appendix  G.  These 
must  be  implemented  by  establishing  procedures 
to  insure  their  attainment.  For  the  construction 
of  small  dams  within  the  scope  of  this  text,  the 
plan  of  control  for  embankments  of  cohesive  soil 
is  to  place  the  material  at  the  Proctor  optimum 
water  content  and  maximum  laboratory  density. 
Optimum  water  content  rather  than  a  water 
content  slightly  less  than  optimum  is  selected  for 
the  reasons  given  in  section  131.  The  most  impor- 
tant variables  affecting  construction  of  earthfill 
embankments  are  distribution  of  soils,  placement, 
water  content  and  its  uniformity  throughout  the 
spread  material,  water  content  of  the  borrow 
material,  methods  for  correcting  borrow  material 
water  content  if  too  wet  or  too  dry,  roller  charac- 
teristics,   number   of   roller   passes,    thickness   of 


layers,  maximum  size  and  quantity  of  gravel  sizes 
in  the  material,  condition  of  the  surface  of  layers 
after  rolling,  and  effectiveness  of  power  tamping 
in  places  inaccessible  or  undesirable  for  roller 
operation. 

Figure  E-4  shows  placing,  leveling,  and  com- 
pacting of  the  semipervious  zone  of  the  embank- 
ment at  Olympus  Dam.  Compacting  was  done 
by  tamping  rollers,  as  the  material  was  not  per- 
vious enough  to  permit  compaction  as  a  pervious 
fill  in  the  manner  described  in  section  E-6.  The 
maximum  section  of  this  dam  is  shown  on  figure 
145,  and  a  photograph  of  the  completed  structure 
is  shown  as  figure  22. 

Adequate  inspection  and  laboratory  testing  are 
essential  to  maintain  the  control  of  earthfill  con- 
struction. Attention  is  called  to  the  fact  that  it  is 
impossible  even  for  an  experienced  soils  engineer 
to  determine  visually  the  degree  of  compaction  of 
cohesive  soil,  especially  when  it  is  dry  of  opti- 
mum. The  apparent  cohesion  of  these  soils  makes 
them   firm   and   gives    them    the   appearance    of 


••'/•  :  S 


-  i 


v  ^.       ;/►  ▼    -v    • 


i 


■4k. 


Figure  E-4.     Placing,  leveling  and  compacting  the  fill  on  Olympus  Dam.     A  combination  earthfill  and  concrete  gravity  dam 

on  the  Big  Thompson  River  in  Colorado.     375-EPA-PS. 
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denseness  which  disappears  when  the  soil  becomes 
saturated.  There  is  do  satisfactory  substitute  for 
control  testing  t(»  determine  the  degree  <>f  com- 
pactness for  these  soils.  The  testing  musl  include 
all  critical  arras  where  seepage  or  I"--  of  strength 
ma)  induce  failure. 

Borrow  pit  inspection  includes  controlling  and 
recording  all  earthwork  operations  prior  t * >  dump- 
ing the  material  on  the  embankment.  Areas  to  be 
excavated  are  selected,  depths  of  cut  are  deter- 
mined, and  the  /.our  nf  the  dam  m  which  a  par- 
ticular material  should  be  placed  is  predetermined 
The  borrow  pn  inspector  checks  the  adequacy  of 
any  mi\niLr  or  separation  methods  used  by  the 
contractor  An  required,  he  cooperates  with  the 
contractor  in  determining  the  amount  of  water  to 

he  added   to  the   hollow   pit    by  irrigation  or  to  be 

removed  b)  drainage  u>  attain  proper  water  con- 
tent of  the  materials  prior  to  placing.     Hither  the 

rapid  method  of  compaction  control  given  in  this 
appendix    or    the    Proctor    needle    value    (fig.    90 

obtained  in  a  cylinder  of  compacted  minus  No.  4 
tract  ion  of  soil,  can  he  used  to  determine  the  si  at  us 

of  natural  moisture  conditions  in  the  horrow  pit 
with  respect  to  the  optimum  water  content. 
K\  er\  effort  should  be  made  to  have  the  excavated 
material  BS  close  as  possible  to  the  optimum 
water  content  prior  to  delivery  on  the  embank- 
ment 

The  embankment  inspector  should  be  provided 

with  a  means  for  determining  the  location  ami 
elevation  of  tests  made  on  the  embankment  and 
for  reporting  the  location  of  the  contract. 
operations.  Horizontal  control  by  means  of  co- 
ordinates or  stations  and  offsets  should  be  estab- 
lished. It  has  been  found  desirable  to  establish 
vertical  control  by  benchmarks  and  by  the  use  of 
Stadia  rods  from  which  the  inspector  can  establish 
an  elevation  anywhere  on  the  fill  by  using  a  hand 
level.  When  materials  are  brought  on  the  em- 
bankment, the  inspector  should  see  that  they  arc 
placed  in  the  proper  zones.  If  a  zoned  embank- 
ment is  being  constructed,  line-  of  demarcation 
can  he  painted  on  rock  abutments  or  marked  by 
flags.  Within  a  particular  zone  or  on  homo- 
geneous embankments,  the  objective  i-  to  direct 
the  placing  of  materials  so  that  the  most  imper- 
vious soils  are  located  in  the  center  of  the  im- 
pervious zone  and  the  coarser,  more  pervious  soils 
are  placed  toward  the  slopes  of  the  embankment, 
so  that  the  permeability  and  stability  of  materials 


will  increase  toward  the  outer  -lope-       In  general, 

when  materials  differ  in  drj    density   hut   have 

about  the  same  percolation  rate,  the  material  i 
ing   the   greater   dry    density    should    he    placed    m 
the  outer  sections  of  the  zone  or  of  the  dam  as  the 

case  ma)  be 
After  the  materials  ate  placed  in   the  proper 

location,   the  embankment   inspector  determii 

whether  the)   contain  the  proper  amount  of  mi 
ture  prior  to  compaction      It  '  utmost  im- 

portune*     The  rapid  compaction  control  method 

or  the  Proctor  needle  value  should  he  u-ed  for  this 

determination.     Should   the  materials  arrive  <>n 

the  embankment  too  dry,  it  will  be  DeceSSaT)  !■■ 
condition  them  b)  sprinkling  prioi  t<>.  during,  or 
after  spreading     The  contractor's  operations  m 

sprinkling  and  mixing  the  moisture  with  the  -oil 
will  vary,  but  it  is  of  paramount  importance  that 
the  proper  water  content  he  uniformly  distributed 
throughout   the  spread  layer  prior  to  rolling. 

Another  important  inspection  task  is  the  deter- 
mination of  the  thickness  of  the  compacted  layer. 
A  layer  that  i>  spread  too  thick  will  not  give  the 
desired  density  for  given  compaction  conditions 
Initial  placing  operations  will  determine  the  proper 
-plead  thickness  id  a  layer  that  will  compact  to 
the  specified  thickness.  This  is  usually  8  I 
inches  for  a  6-inch  compacted  lift  of  eartldill.  A 
method  of  determining  average  thickness  of  placed 
layer-  i-  to  take  and  [dot  daily  a  CT08S  section  of 
the  fill  at  a  reference  station.  The  inspector- 
report  for  that  day  should  contain  the  number  of 
layers  placed  at  that  section,  from  which  the 
average  thickness  can  be  determined. 

The  removal  of  oversized  rock  from  earthfill 
embankment  material  when  the  oversized  rock 
content  is  greater  than  about  1  percent  i-  most 
efficiently  done  prior  to  delivery  of  the  soil  on  the 
embankment.  This  procedure  was  used  at  ( 
cent  Lake  Dam.  shown  m  figure  E  5  The  shovel 
at  the  left  in  the  photograph  is  excavating  and 
mixing  the  borrow  material  The  BCOOpmobile 
transports  the  material  to  electrically  operated 
ens,  which  separate  the  oversize  rock  from  the 
soil;  trucks  are  loaded  bv  means  of  a  conveyor 
belt. 

Smaller  amounts  of  oversized  rock  can  be  re- 
moved by  hand  picking  or.  under  favorable  condi- 
tion-, by  various  kinds  of  rock  rakes  Oversized 
rock  that  has  been  overlooked  prior  to  rolling  can 
generall)  he  detected  by  the  inspector  during  roll- 


504 


DESIGN  OF  SMALL  DAMS 


Figure  E-5.     Operations  in  impervious  borrow  area  for  Crescent  Lake,  a  small  earthfill  storase  dam  on  Crescent  Creek  in  Oregon. 
Oversize  rock  is  being  removed  by  screening  pit-run  material.     P806-1  26-55. 


ing,  by  his  observing  the  bounce  which  occurs 
when  the  roller  passes  over  the  hidden  rock.  The 
inspector  should  assure  that  the  rock  is  removed 
from  the  fill. 

The  inspector  is  charged  with  the  responsibility 
of  assuring  that  the  specified  number  of  roller 
passes  is  made  on  each  lift.  An  oversight  in 
maintaining  the  proper  number  of  passes  may 
lead  to  considerable  drop  in  the  desired  degree  of 
compaction.  The  insistence  of  orderliness  on  the 
fill  and  the  establishment  of  routine  construction 
operations  will  minimize  trouble  from  too  few 
roller  passes. 

The  final  check  on  the  degree  of  compaction 
attained  is  done  by  the  rapid  method  of  compac- 
tion control  given  in  section  E-5.  If  the  field 
dry  density  of  the  material  passing  the  Xo.  4 
screen  is  above  the  minimum  allowable  density 
as  given  in  section  E-10,  and  if  the  water  content 
is  within  the  allowable  limits,  the  embankment 
will  be  ready  for  the  next  layer  after  such  scarify- 


ing and  moistening  as  may  be  necessary  to  secure 
a  good  bond  between  the  layers. 

Mechanical  tamping,  when  used  around  struc- 
tures, along  abutments,  and  in  areas  inaccessible 
to  the  rolling  equipment,  should  be  carefully 
watched  and  checked  by  frequent  density  tests. 
The  procedure  to  be  followed  for  mechanical 
tamping  will  depend  greatly  on  the  type  of 
tamper  used.  Some  of  the  factors  affecting 
density  are  thickness  of  the  layer  being  placed, 
time  of  tamping,  air  pressure  if  air  tampers  are 
used,  water  content  of  the  material,  and  weight 
of  the  tamping  unit. 

An  important  function  of  inspection  is  to  deter- 
mine when  and  where  to  make  field  density  tests. 
These  tests  should  be  made  (1)  in  areas  where 
the  degree  of  compaction  is  doubtful,  (2)  in  areas 
where  embankment  operations  are  concentrated, 
and  (3)  for  every  2,000  cubic  yards  of  embank- 
ment when  no  doubtful  or  concentrated  areas 
occur.     Areas  susceptible  to  insufficient  compac- 
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lion  include  the  junction  between  mechanical 
tamping  and  rolled  embankment,  along  abutments 

or  cutoff   walls;   metis   when-    rollers    turn    during 

rolling  operations;  areas  where  too  thick  a  layer 
i-  being  compacted;  areas  where  improper  water 
content  exists  m  a  material;  and  areai  where  leai 
than  the  specified  number  of  roller  paaaea  are 
made. 

Winn  embankment  operations  are  concentrated 
in  a  siimll  urea  itliat  is,  if  inaiiv  layers  of  material 
are  being  placed  one  over  the  other  in  a  single 

day),   teat*  should   be  made  in   tins  Mien   111   e\.i\ 

third  or  fourth  laser  to  assure  thai  the  desired 
density  is  being  attained  If  areas  of  douhtful 
compaction  do  not  exist  and  no  tests  ate  required 
because  of  concentrated  areas,  at  least  one  field 

density    test   should  he  made  for  each  2,0(111  cubic 

yards  of  compacted  embankment  and  it  should 
he  representative  of  the  degree  of  compaction 

being  obtained. 

E-5.     Rapid    Compaction    Control    Method.      Tbe 

density-in-place    test    described    in    section    114 

determines  the  dry  density  and  the  water  content 
of  the  compacted  fill.    For  control  purposes  these 

values  must  be  compared  with  the  laboratory 
maximum  dry  density  and  the  optimum  water 
content  The  rapid  control  procedure  described 
herein  yields  the  exact  percentage  of  laboratory 
maximum  dry  density  and  a  very  close  approxi- 
mation of  the  difference  between  fill  water  content 
and    optimum    water    content    of    a    field    density 

sample,    without    requiring  knowledge  of  water 

contents.  The  theoretical  basis  for  this  method 
was  described  by  Hilf  [5J.  With  this  method, 
compaction  control  can  be  effected  within  1  hour 
from  the  time  the  field  test  is  made.  For  record 
purposes  one  water  content  (the  fill  water  content ) 
is  measured,  and  after  it  is  known  (usually  the 
following  (lay),  tbe  values  of  fill  dry  density, 
Cylinder  dry  density  at  fill  water  content,  labora- 
tory maximum  dry  density,  and  optimum  water 
content  are  computed. 

The  equipment  required  for  the  rapid  compac- 
tion control  method,  using  mechanical  mixing 
and  drying,  is  listed  below  and  is  shown  on 
figure  E-6.  Each  item  is  listed  according  to  its 
Dumber  on  the  figure.  The  asterisks  indicate 
mechanical  equipment  not  required  when  hand 
mixing  methods  ate  used.  Item--  A  and  4  are 
needed   only  when   it    is  desired    to   control   water 


content    with    the    Proctor  needle  rather  than    the 

rapid  method  procedure. 

1  Scale,  30-pound  capacity,  graduated  m  0.01 
pound. 

2  Scale  weights 

;{.  Penetration  resistance  needles 

I  Penetration  resistance  gage  (penetromel 
5    w I  mallet 

S. 6-pound  compaction  hammer  with  L8-inch 
drop  guide. 
7.  Large  butcherknife 
8     \\  ire  brush. 
0     Small  hand  scoop 
10.    Mixing  pan. 
1  1 .   Clipboard  for  data  sheet. 
*12.    Fleet  nc  fan. 

13.  Hand  scoop 

14.  (ilass  graduate.  lOU-nil    capacity. 
•15.    Mixing  paddle,  t  \  pe  I  I  1 

*n>  Mixer  howl  with  collar,  .'{-gallon  capacity. 
*17.  Mixer  (with  ({-horsepower,  60-cycle,  116- 
volt  mot 

is    Towel. 

*  19    Mixing  paddle  type  1 1 
20    >t  raightedge  trimmer. 

21.  Spanner  wrench  for  compaction  cylinder. 

22.  Base    tor    compaction    cylinder,    concrete- 
filled  carbide  can  (or  equivalent). 

2:<.  'jn-enhic-foot  compaction  cylinder  with  base 
plate  and  collar. 

The  form  suggested  to  obtain  rapid  control 
values  is  -how  n  in  figure  K  7  A  1-ininute  mixing 
period  with  mechanical  equipment  using  a  paddle 
speed  of  '.in  revolutions  per  minute  ha-  provided 
uniform  distribution  of  water  through  the  7  5- 
pound  sample.  A  type  III  paddle  shown  in  figure 
K  6  nia\  he  used  for  all  Boils;  a  t  \  pe  1  I  paddle  pro- 
vide- satisfactory  mixing  of  low-plasticity  -ilt- 
Water  is  most  efficiently  added  to  the  -ample  by 
pouring  it  on  the  surface  before  starting  the  mixer. 
Hand  mixing  in  the  pans  -hould  he  done  a-  rapidly 
and  thoroughly  as  practicable.  Drying  a  soil 
sample  when  neces-ai\  t<>  remove  water  may  be 
accomplished  rapidly  by  blowing  air  across  the 
howl  while  slowly  mixing  the  sample  The  stand- 
ard compaction  method  given  in  section  1  1  5  e 
is  used. 

I I  -hould  be  noted  that  the  form  -how  n  in  figure 
F  7  is  designed  for  the  Bureau  of  Reclamation's 
laboratory    compaction    standard    using    tin 
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Figure  E-6.     Equipment  used  for  rapid  compaction  control  method. 


APPENDIX  E-CONSTRUCTION  OF  EMBANKMENTS 


507 


RAPID      COMPACTION     CONTROL     UC1HO0 

ro*   r  so  lis   of   «0<sr    sou 


Etompie 


. 

• 

0     x 

*i$ 


ADDED  WATER  IN   PERCENT  OF  FILL  WET   WEIGHT 
ALSO  v»0-  wf  IVt)   FOR  PEAK  POINT  OF  CURVE  WHEN  CORRECTED  AS  SHOWN   BY   DASHEO  LINES 

Figure  E-7.     Form  used  for  rapid  compaction  control  method. 


cubic-foot  cylinder.     By  changing  the  weights  of 

soil  sample  and  of  water  added  in  proportion  to  the 
size  of  cylinder  used,  tin-  form  is  suitable  for  den- 
sity control  for  any  compaction  standard.  Also, 
for  most  soils  the  correction  curves  for  moisture 
control  can  be  used  for  other  compaction  stand- 
ards of  approximately  the  same  compactive  effort, 
such  as  the  ASTM  Designation  1)  698  12T  and 
the  standard  AASHOT99  19  method.  For  mul- 
ture control  of  -oils  with  very  low  specific  gravities 

(lower  than  "J.")!))  the  CUTV68  ma\  have  to  he  modi- 
fied or  the  optimum  water  content  may  have  to  he 
estimated  using  the  equations  of  the  rapid  com- 
paction control  met  hod  {'>}. 

The  rapid  compaction  control  method  involves 
the  determination  of  the  following: 


n= 


Fill 


(trv 


densil  y 


('= 


Laboratory  maximum  dry  density 
Fill  dry  density   


Cylinder  dr)  density  at  fill  water  content 

ir0—  ir,    (optimum    water  content   minus    field 
water  content  i  in  percent 

Ratios  D  and  C  arc  actuall}  obtained  on  the  basis 
of  corresponding  wet  densities  A-  a  first  Btep  the 
fill  wet  density  of  the  minus  No.  4  fraction  l-  ob- 
tained (see  fig  ^s       Then  three  or  four  pointi 

computed  and  plotted  on  the  moisture  versus  'con- 
verted wet  density"  curve  as  follows 

(1)   To  obtain  point    1  :  Compart  >.nl  at   fill 
water  content  into  a  standard  cylinder.      Plot 
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the  resulting  wet  density  on   the  0  percent 
vertical  line  on  the  form  shown  in  figure  E-7. 

(2)  To  obtain  point  2:  To  7.50  pounds  of 
soil  at  fill  water  content  add  68  cc.  (2  percent) 
water,  and  mix  and  compact  into  a  cylinder 
to  determine  corresponding  wet  density. 
Find  the  point  on  the  +2  percent  diagonal 
line  corresponding  to  this  wet  density;  project 
vertically  to  the  0  percent  diagonal  line, 
thence  horizontally  to  plot  point  2  on  the  +2 
percent  vertical  line.  The  ordinate  of  the 
plotted  point  is  the  wet  density  divided  by 
1.02. 

(3)  To  obtain  point  3  if  point  2  is  greater  in 
ordinate  than  point  1:  To  7.50  pounds  of  soil 
at  fill  water  content  add  136  cc.  (4  percent) 
water,  mix  and  compact  into  a  cylinder.  Find 
the  point  on  the  +4  percent  diagonal  line 
corresponding  to  the  wet  density;  project 
vertically  to  the  0  percent  diagonal  line, 
thence  horizontally  to  plot  point  3  on  the  +4 
percent  vertical  line.  The  ordinate  of  the 
plotted  point  is  the  wet  density  divided  by 
1.04. 

(4)  To  obtain  point  3  if  point  2  is  smaller 
in  ordinate  than  point  1 :  Permit  7.50  pounds 
of  soil  at  fill  water  content  to  dry  without  loss 
of  soil;  then  weigh.3  The  table  on  the  right- 
hand  portion  of  the  form  gives  the  percentage 
of  water  loss  corresponding  to  the  dried 
weight.  Compact  the  dried  soil  into  a 
cylinder.  Find  the  point  on  the  diagonal 
line  (interpolate  if  necessary)  corresponding 
to  the  wet  density;  project  vertically  to  the 
0  percent  diagonal  line,  thence  horizontally 
to  plot  point  3  on  the  vertical  line  corre- 
sponding to  the  correct  percentage.  The 
ordinate  of  the  plotted  point  is  the  wet 
density  divided  by  1  plus  the  negative 
percentage    (e.g.    l  +  (  — 0.02)  =  0.98). 

(5)  Three  plotted  points  are  sufficient  if 
both  the  left  and  right  points  are  lower  in 
ordinate  than  the  center  point;  if  not,  a 
fourth  point  is  necessary.  Find  point  of 
maximum    ordinate    of    the    curve    by  the 


3  If  point  2  is  within  3  pounds  per  cubic  foot  of  point  1,  the  requirement  for 
drying  may  be  eliminated  by  using  the  alternative  procedure  given  at  the 
end  of  this  section. 


parabola  method  shown  in  figure  E-8,  or  by 
sketching  the  curve  if  the  number  and 
locations  of  the  points  permit  accuracy  with- 
out use  of  the  parabola  method. 

(6)  Plot  the  fill  wet  density  of  minus  Xo.  4 
fraction  on  the  0  percent  vertical  line. 

(7)  To  obtain  D:  Project  the  maximum 
ordinate  (obtained  in  step  5)  horizontally 
to  the  0  percent  diagonal  line,  thence  verti- 
cally to  the  value  of  the  fill  wet  density. 
Z)=100  percent  plus  the  interpolated  per- 
centage given  by  the  diagonal  lines,  taking 
minus  signs  into  account.  (D  is  the  fill  wet 
density  divided  by  the  maximum  ordinate 
of  the  curve.) 

(8)  To  obtain  C:  Project  point  1  hori- 
zontally to  the  0  percent  diagonal  line, 
thence  vertically  to  the  value  of  the  fill  wet 
density.  C=100  percent  plus  the  inter- 
polated percentage  given  by  the  diagonal 
lines,  taking  minus  signs  into  account. 
(C  is  the  fill  wet  density  divided  by  the 
ordinate  of  point  1.) 

(9)  To  obtain  w0-wf:  This  value  is  the 
abscissa  of  the  point  of  maximum  ordinate 
corrected  by  adding  the  value  shown  in 
red  (the  dashed  lines)  on  the  chart  nearest 
to  the  peak  point,  interpolating  where  neces- 
sary, and  taking  minus  signs  into  account. 
Abscissa  and  correction  values  should  be 
taken  to  the  nearest  0.1  percent. 

(10)  Rapid  control  values  obtained  in 
steps  (7),  (8),  and  (9)  yield  sufficient  informa- 
tion to  accept  or  reject  the  work. 

For  record  purposes,  dry  a  sample  of  minus 
No.  4  fraction  in  an  oven  at  110°  C.  to  obtain 
actual  fill  water  content,  wf.  Then: 

Fill  dry  density  of  minus  No.  4=  (Fill  wet 

density  of  minus  No.  4)-=-(l-f-itv) 
Laboratory   maximum   dry   density  =  (Maxi- 
mum ordinate)  h-(1  -\-wf) 
Cylinder   dry    density  =  (Ordinate    of    point 

l)-Kl-r-W/) 
Optimum    water  content=W/+  (l-\-wf)X (ab- 
scissa at  maximum  ordinate). 
Two   examples  will  illustrate  the   method:  In 
example    1,    the   fill   water   content   is   less    than 
optimum.     The  test  data  are  shown  in  figure  E-7. 
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Porobolo     Method 

Grophicol  solution  for  vertex,  0,  of  a  parabola  whose  axis  is  vertical,  given  three  points 
8,  and  C.  If  more  than  three  points  are  avoilable,  use  the  three  closest  to  optimum. 


F 

-C--AXIS 

K 

J           I 

c 

A 

1 
/ 

B 

I  ° 

J       - 

// 

J         \ 

// 

1 1 

I  c 

if 

1/ 

L^ 

G 

if        .. 

\\ 

*t 

X     D 

>^H 

! 

-2  -I  0  tl  «2 


♦3 


<-4 


i       Draw  horizontal    base   line  through  the  left  point,  A,  and  draw  vertical  lines  through 

points    B  and  C. 
2      Draw  line  DE  parallel  to   A  B,  point   E    lies  on  the  vertical  line  through  point  C,  project 

E  horizontally  to  establish    point    F  on  the  verticol   line  through  B. 
3.     Draw   line  DG  parallel  to  AC,  point  G  lies  on  the  vertical  line  through  point  C. 
4      Line  FG  intersects  the   bose  line  at  H    Axis  of  parabola  bisects  Ah;  drow  the  oxis 

5.  Intersection  of  line  AB  with  the  axis  is  at  J,  project  J  horizontally  to  K,  which  lies  on 

the  vertical  line  through  point   B 

6.  Line  KH  intersects  the  axis  at  o,  the  vertex 

NOTE  :   If  points  A,  B,  and  Core  equally  spaced  horizontally  (this  is  true  when   2 
points  are  obtained  by  adding  water  or  when  soil  is  dried  exactly  2  percent  )  steps  2  ond  3 
obove  ore  eliminated.  Point  F  coincides  with  point  B  and  point  G  is  halfway  between  the  base 
line  and  point  C.   Hence,  point  H  is  obtained  by  drawing  BG  and  point  0  is  obtained  by  steps  5 
and  6  as  usual    See  graph  below. 
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Figure  E-8.      Graphical  method  of  finding  peak  point  of  converted  wet  density  curve. 
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Fill   wet   density    (minus   No.   4   basis)  =  127.5 
pounds  per  cubic  foot. 


Point 

Wet  density, 
pounds  per 
cubic  foot 

Abscissa, 
percent 

Converted  wet 

density,  pounds 

per  cubic  foot 

1__ 

123.4 

128.6 
124.6 

0 
2 
4 

123.4 

2-_   

126. 1 

3 

119.8 

By  parabola  method: 

0 

1.6 

126.3 

Then: 


127  *} 
#=4^  =  101.0  percent 


C= 


126.3 
127.5 
123.4: 


103.3  percent 


w0—wf=-\- 1.64-0.2=  +  1.8  percent  (dry). 

After  the  fill  water  content  has  been  determined 
by  drying  a  sample  to  constant  weight  at  110°  C, 
the  field  density  test  is  completed  for  record 
purposes  as  follows: 

w,=  15.0  percent  (determined  by  drying  at 
110°  C.) 


7d 


7J>, 


Yz>„ 


_127.5 
"  1.15  = 
126.3 


1.15 
123.4 
1.15 


110.9  1b.  per  cu.  ft, 
109.8  1b.  per  cu.  ft. 


=  107.3  lb.  per  cu.  ft. 


w„=0.15  +  (1.15)(0.016)  =  16.8  percent. 

In  example  2,  the  fill  water  content  is  greater 
than  optimum.     The  test  data  are  as  follows : 
Fill  wet  density=  125.8  pounds  per  cubic  foot. 


Point 

Wet  density, 
pounds  per 
cubic  foot 

Abscissa, 
percent 

Converted  wet 

density,  pounds 

per  cubic  foot 

1 

128.4 
124.2 
123.7 

0 
+2 
-2.3 

128.4 

2 

121.8 

3 

126.6 

By  parabola  method: 

0 

-0.7 

128.9 

Then: 


D=       '   =97.6  percent 

1  Z&.v 

125  8 
C=  T7^r-7  =  98.0  percent 
128.4 


DESIGN  OF  SMALL  DAMS 
Completion  of  test  for  record  purposes: 
W/=18.0  percent 
125.8 


Id 


Id, 


Jd, 


f      1.18 
128.9 


1.18 

128.4 


=  106.6  lb.  per  cu.  ft, 
109.2  lb.  per  cu.  ft. 


1.18 


=  108.8  lb.  per  cu.  ft. 


w0— Wf——  0.7  —  0.1  =  —  0.8  percent  (wet). 


w0  =  0.18+ (1.18) (-0.007)  =  17.2  percent. 

Penetration  resistance  needle  readings  required 
for  purposes  of  maintaining  moisture  control  by 
means  of  the  needle-moisture  relation  shown  on 
figure  90  may  be  obtained  during  the  rapid  method 
test.  The  needle  readings  in  the  compaction 
cylinder  at  fill  water  content  may  be  obtained 
directly  after  the  weighing  required  to  determine 
point  1  of  the  rapid  method.  To  obtain  the 
Proctor  needle  value  at  optimum  water  content, 
needle  readings  corresponding  to  points  2,  3,  etc., 
should  be  obtained  after  weighing.  All  needle 
readings  may  then  be  plotted  on  figure  E-7  to 
any  convenient  ordinate  scale.  The  needle  value 
at  optimum  is  the  intersection  of  a  vertical  line 
through  the  peak  point  of  the  converted  wet 
density  curve  and  the  Proctor  needle  curve. 

The  following  alternative  method  may  be  used 
to  eliminate  the  drying  requirement  for  soils  that 
are  close  to  optimum  in  water  content. 

Points  1  and  2  of  the  converted  wet  density 
curve  are  obtained  in  the  usual  manner.  To  ob- 
tain point  3  when  point  2  is  smaller  in  ordinate 
than  point  1  but  within  3  pounds  per  cubic  foot 
of  that  point:  In  lieu  of  drying  7.50  pounds  of  soil 
at  fill  water  content  as  required  in  the  procedure 
for  the  rapid  compaction  control  method,  add  34 
cubic  centimeters  (1  percent)  of  water  to  this  quan- 
tity of  soil;  mix,  and  compact  into  a  cylinder. 
Find  the  point  on  the  + 1  percent  diagonal  line 
corresponding  to  the  wet  density,  project  verti- 
cally to  the  0  percent  diagonal  line,  thence  hori- 
zontally to  plot  point  3  on  the  +1  percent  verti- 
cal line  (fig.  E-7).  The  ordinate  of  the  plotted 
point  is  the  wet  density  divided  by  1.01. 

If  point  3  thus  obtained  is  greater  in  ordinate 
than  point  1,  the  peak  point  of  the  converted  wet 
density  curve  can  be  obtained  graphically  by  the 
parabola  method.  If  point  3  is  smaller  in  ordinate 
than  point  1,  the  graphical  procedure  for  obtain- 
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in^  the  pnik  point  require*  extrapolation  which 
reduces  its  accuracy  Por  tbia  case,  calculate 
)'  )'..  where  )',  is  the  difference  in  ordinate!  of 
points  l  dud  A,  and  )'..  is  the  difference  in  ordinate* 

of  points  l  and  2.    Figure  K  (.t  gives  the  location 
of  the  a\i^  of  tin-  parabola  (distance  tn  from  the 
origin  i  for  ral  ios  )':  ) . 
For  example,  if  points  l.  2,  and  •'<  arc  equal  to 

117.5,     11  "(.(),    and     lliiti    pounds    per    cubic    foot. 

rsepectivelj . 

>',     117:.     116.6     0.9, 
r,=  117.5- 115.0=2.5,  and 

Prom  figure  E  9,  :m=—  O.s  percent. 


With  the  axis  of  the  parabola  determined,  the 

minor  imagea  of  points  1.  2,  and  3  can  be  plotted 
as  shown  l>\  points  r,  2',  ami  .V  m  figure  K  111 
The  peak  point  of  the  parabola,  poinl  0,  il  ob- 
tained h\  designating  point  .V  as  A.  poinl  r  as 
B,  and  point  3  as  ||  and  proceeding  with  the  para- 
hola  construction.  The  coordinates  of  the  peak 
point  of  the  converted  wet  density  curve  are 
(—0.8,  117  . 

E-6.  Pcrvioui  Fill.  Permeable-type  materials  are 
used  in  rolled  earthfill  dams  to  provide  an  outer 
shell  of  high  strength  to  support  the  impervious 

core.    tO   secure   favorable   hydraulic   conditions  of 

drainage,  and  to  act  as  Biters  between  materials 
of  wide  variations  in  grain  aizt       I  ontrol  of  oon- 
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figure  E-9.      Alternative  procedure  to  eliminate  requirement  for  drying  toils  that  are  close  to  optimum  water  content. 
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ADDED   WATER   IN   PERCENT  OF   FILL  WET    WEIGHT 

Figure  E-10.  Example  of  parabola  construction  for  alternative 
method  which  eliminates  drying  requirement  for  a  soil  that  is 
close  to  optimum  wafer  content. 

struction  of  zones  of  sand  and  gravel  is  necessary 
to  assure  that  (1)  the  material  is  formed  into  a 
homogeneous  mass  free  from  large  voids,  (2)  the 
soil  mass  is  free  draining,  (3)  the  material  will  not 
consolidate  excessively  under  the  weight  of  super- 
imposed fill,  and  (4)  the  soil  has  a  high  angle  of 
internal  friction. 

The  workability  of  a  permeable-type  soil  is 
reduced  considerably  by  the  inclusion  of  even 
small  amounts  of  silt  or  claj*;  hence,  ever\*  effort 
should  be  made  to  insure  that  the  contractor's 
operations  in  the  borrow  pits  and  on  the  fill  are 
such  that  contamination  of  the  pervious  soil  is 
held  to  a  minimum.  As  the  material  is  brought 
on  the  fill,  it  is  directed  to  the  proper  zone.  With- 
in the  pervious  zone,  individual  loads  should  be 
placed  so  that  the  material  will  be  graded  in 
coarseness  toward  the  outer  slopes.  When  com- 
pacted thicknesses  are  specified,  the  thickness  of 
loose  layers  should  be  determined  by  the  inspector 
during  the  initial  stages  of  construction.  Since 
the  field  density  will  be  checked  bjT  relatively  few 
actual  tests  after  satisfactory  placing  procedures 
have  been  established,  the  proper  thickness  of 
the  loose  layers  must  be  maintained  within  close 
limits  throughout  the  job.  The  thickness  of 
specified  compacted  layers  is  usually  made  large 


enough  to  accommodate  the  size  of  rock  encoun- 
tered in  the  borrow  area.  In  cases  where  cobbles 
or  rock  fragments  greater  in  size  than  the  specified 
thickness  of  layer  occur,  provisions  are  usually 
made  for  special  embedding,  removal  to  outer 
slopes  of  the  pervious  zone,  or  removal  to  other 
zones.  In  order  to  secure  the  best  compaction,  the 
inspector  should  see  that  the  specified  provisions 
for  disposal  of  oversized  rock  are  followed. 

After  the  material  has  been  placed  and  spread 
to  the  desired  thickness  of  lift  and  oversized  cob- 
bles or  rock  fragments  have  been  disposed  of,  the 
next  important  step  is  application  of  water. 
Thorough  and  uniform  wetting  of  materials  during 
or  immediately  prior  to  compaction  is  essential  for 
best  results.  The  most  applicable  method  of 
adding  and  distributing  water  on  the  fill  should  be 
determined  during  the  initial  placement.  It  has 
been  found  that  relaxation  of  the  requirements  of 
thorough  wetting  may  result  in  densities  far  below 
the  minimum  requirements  even  with  excessive 
compactive  effort.  Different  pervious  materials 
require  different  amounts  of  water  for  thorough 
wetting  and  best  compaction.  Iq  general,  it  is 
desirable  to  add  as  much  water  to  the  material  as 
it  will  readily  absorb.  Too  much  water  cannot  be 
added  to  an  extremely  pervious  soil;  however, 
permeable-type  soils  containing  small  amounts  of 
silt  or  clay  may  become  temporarily  boggy  if  an 
excessive  amount  of  water  is  used.  For  these 
soils  care  must  be  exercised  in  wetting  the  soil. 
The  contractor's  operations  should  be  carefully 
controlled  to  avoid  excessive  wetting  of  the  im- 
pervious zone  adjacent  to  the  pervious  material 
being  compacted. 

When  compacting  permeable-type  soils  by  the 
treads  of  crawler-type  tractors,  it  is  desirable  to 
have  the  tractor  operating  at  the  highest  prac- 
ticable speed  during  the  compaction  operation. 
High  speed  is  conducive  to  greater  vibration  which 
aids  in  the  compaction.  In  inspection  of  com- 
paction operations  using  tractor  treads,  it  is  im- 
portant to  require  the  tractor  to  make  a  complete 
coverage  of  the  area  to  be  compacted  prior  to 
making  the  second  and  subsequent  passes.  Differ- 
ent widths  of  areas  to  be  compacted  will  require 
different  numbers  of  tractor  trips  to  obtain  the 
same  number  of  passes  of  the  treads.  The  proper 
number  of  trips  should  be  determined  and  en- 
forced. 
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It  is  recommended  thai  relative  density  testa 
and  mechanical  analyse*  be  made  during  the 
initial  placing  operatioii  at  i  frequency  » > f  about 
one  teal  representing  each  1,000  cubic  yards 
placed.  The  procedure  for  making  relative  den- 
sity tests  is  given  in  sections  114(a)  and  115(f) 
After  placement  procedures  have  proved  satis 
factory,  one  relative  density  test  for  every  10,000 

Cubic  yards  of  material   placed   will  suffice   unless 

significant  changes  in  gradation  occur.  In  the 
event  of  significant  gradational  changes  in  the 
borrow    material,    increased    frequency    of   field 

teats  ma\  be  needed  to  insure  satisfactory  com- 
paction of  the  variable  materials 

E-7.  Rockfill  and  Riprap.  Kockfill  zones  are 
used  in  earthfill  dams  to  provide  stability  for 
the  embankment  and  tO  protect  exposed  surfaces 
of  the  fill.  Riprap  is  a  relatively  thin  layer  of 
specially  selected  and  graded  rock  fragments  used 
for  protecting  earth  slopes  from  erosion  by  water 
currents  and  waves  Kockfill  and  riprap  are  usu- 
ally not  compacted  hut  are  dumped  or  placed  so 
as  to  obtain  high  shearing  strength  by  interlock- 
ing of  the  angular  fragments.  The  most  desir- 
able riprap  surface  is  well  keyed  hut  rough  in 
order  to  resist  wave  action  effectively.  High 
permeability  is  desirable  in  rockfills;  hence,  the 
amount  of  tines  permitted  is  limited.  On  the 
other  hand,  large  unfilled  voids  are  undesirable. 
The  outer  portion  of  a  rockfill  zone  should  con- 
tain the  largest  available  rock  in  order  to  secure 
slope  protection.  Where  very  large  rockfill  sec- 
tions are  used,  excessive  settlement  may  be  a 
problem,  and  sluicing  mav  be  required  to  compact 
the  fill. 

Inspection  may  be  necessary  both  at  the  rock 
source  and  on  the  rockfill  to  insure  that  the  mate- 
rial is  selected  to  avoid  an  excessive  amount  of 
fines  in  the  rockfill.  Breakage  in  handling  and 
transporting  should  be  taken  into  account.  Plac- 
ing operations  should  be  inspected  to  see  that 
segregation  is  avoided  and  that  no  large  voids 
are  left  in  the  rockfill.  If  sluicing  is  required, 
the  contractor's  operations  should  be  carefully 
controlled  to  avoid  excessive  wetting  of  the  imper- 
vious zone  and  to  insure  that  a  sufficient  quan- 
tity of  water  is  being  used  uniformly.  Inspection 
of  riprap  placement  consists  of  visual  observation 
of  the  operation  and  of  the  completed  product  to 
insure  that  a  dense,  rough  surface  of  well-keyed, 
graded    rock    fragments   of    the   specified    quality 


ami  si/.-,  i-  obtained.     Typical  specifications  p 

\  i-ion-  for  placing  rockfill  and  riprap  are  contained 

in  appendix  <  I 

E-8.    Miscellaneous  Filli.       Dam  embankments  on 

saturated  fine-grain  foundations  may  require  toe 
suppoii  fills,  the  weight  of  winch  acta  t<>  improve 
stability.     These   are   discussed    ia    section 

Excavation  for  foundations  of  the  dam  or  for  the 

appurtenant   structures  often  produces  material 

unsuitable  for  or  in  excess  of  the  requirements 

for  the  structural  /one-,  of  the  dam.  Such  exca- 
vated material  can  be  u-ed  for  stabilizing  fills  at 
the  toes  of  the  dam  In  localities  where  riprap 
of  good  quality  is  very  expensive,  fill  materials 
from  Structural  excavations  have  been  used  to 
flatten  the  upstream  slope  of  the  dam  SO  as  to 
permit    use  of  poor  qualil\    rock  or.   in  -oiue  caae, 

the  omission  of  rock.  In  a  few  cases  excess  re- 
quired excavation  has  been  used  in  an  isolated 
zone  in  the  downstream  portion  of  a  dam  merely 

to  replace  material  which  otherwise  would  have 

to    be   borrowed    at    greater   expense. 

The  permeability  of  stabilizing  fills  i>  not  impor- 
tant in  the  design,  and  such  fills  usually  are  not 
specially  compacted.  However,  full  use  Bhould 
be  made  of  the  compaction  obtainable  by  routing 
of  the  hauling  and  placing  equipment  over  layers 
of  the  material.  Sometimes  the  nature  of  the 
available  materials  or  the  design  requires  that 
some  COmpactive  efforl  other  than  routing  of 
equipment  be  used.  For  example,  sheepafool 
rolling  has  been  used  to  break  up  fairly  l.i 
chunks  of  soft  rock  to  avoid  excessive  settlement. 
Compaction  also  may  be  required  when  the  mis- 
cellaneous fill  is  to  serve  as  an  impervious  blanket. 

Inspection  of  miscellaneous  fills  i>  usually 
entirely  visual,  ordinarily  no  control  teste  are 
made.  The  main  problem  in  inspection  of  mis- 
cellaneous fills  is  to  assure  that  the  specified 
thickness  of  lift  is  not  exceeded  and  to  see  that 
the  hauling  equipment  is  not  channelized  b\  a 
roadway  but  is  spread  over  the  entire  placed  area 
so  far  as  practicable. 

E-9.  Records  and  Reports.  Daily  report-  should 
be  made  by  the  inspector  covering  the  activities 

for  his  shift.  These  report-  -hould  record  the 
progress  of  construction,  provide  pertinent  infor- 
mation for  the  inspector  about  to  go  on  shift  (in- 
cluding shutdowns  and  order-  given  to  the  con- 
tractor), and  furnish  data  for  u-e  m  compiling 
reports.      The  form  of  a  daily  report   will  van    to 
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suit  the  requirements  of  each  job,  but  all  informa- 
tion called  for  on  summary  progress  reports  should 
be  based  on  day-to-day  records.  It  is  desirable 
that  a  systematic  method  of  identifying  field 
density  tests  made  on  the  embankment  be  used. 
A  suggested  scheme  is  to  designate  each  test  by 
the  date,  shift,  number  on  that  shift,  and  purpose. 
For  example,  "8-2-58-a-2-D"  would  define  a 
field  density  test  made  August  2,  1958,  on  the  first 
shift,  the  second  test  made  on  that  shift,  and  for 
the  purpose  of  checking  an  area  of  doubtful  com- 
paction. The  legend  is  as  follows:  a,  first  shift; 
b,  second  shift;  c,  third  shift;  D,  doubtful  area;  C, 
concentrated  area;  R,  representative.  The  results 
of  tests  made  daily  on  the  embankment  can  be 
reported  on  appropriate  forms. 

E-10.  Control  Criteria. — Determination  of  the 
quality  of  the  embankment  being  placed  can  be 
made  by  a  simple  statistical  analysis  of  the  test 
results  as  given  by  Davis  [6].  Figures  E-ll  and 
E-12  show  work  sheets  and  curves  for  dry  density 
control  and  moisture  control,  respectively,  for 
compacted  cohesive  soil  in  an  earthfill  dam.  By 
means  of  this  analysis,  the  frequency  distribution 
of  the  test  results  is  obtained  from  which  statistical 
values  such  as  the  mean,  standard  deviation,  and 
the  percentage  of  tests  falling  outside  specified 
limits  can  be  determined. 

Various  criteria  for  quality  control  have  been 
proposed.  Table  E-l  lists  suggested  limits  of 
density  and  moisture  control  based  on  experience 
gained  in  compacting  44  cohesive  soils  and  18 
cohesionless  soils  in  Bureau  of  Reclamation  earth- 
fill  dams.  The  soils  were  compacted  by  the 
equipment  and  methods  specified  in  appendix  G; 
hence,  the  values  given  in  the  table  may  not  be 
possible  of  attainment  with  other  methods  of 
compaction  or  with  lesser  amounts  of  compactive 
effort.  It  is  recognized  that  the  normal  frequency 
distribution  curve  for  any  desired  average  value 
permits  a  small  percentage  of  very  low  tests. 
However,  because  of  the  relatively  small  number  of 
samples  recommended  to  be  tested,  the  values 
listed  in  the  table  as  "minimum  acceptable"  are 
suggested  as  a  basis  for  requiring  recompaction  of 
the  area  represented  by  lower  test  values. 

The  effect  of  gravel  content  in  cohesive  soils  is 
discussed  in  several  papers  [4,  7,  8].  Available 
data  indicate  that  lesser  percentages  of  density  on 
the  minus  No.  4  basis  are  required  for  gravelly 


Table   E-l. — Criteria  for  control  of  compacted  dam  em- 
bankments 


Percentage  of 

+No.  4  fraction 

by  weight  of 

total  material 

Percentage  based  on  minus  No.  4 
fraction 

Type  of  material 

Minimum 

acceptable 

density 

Desirable 
average 
density 

Moisture 
limits, 

W0-W/ 

Cohesive  soils  con- 

0-25  

Z>=95 
Z>=92.  5 

D=98 
Z>=95 

1 

trolled  by  Proctor 

26-50 

f-2to+2. 

test. 

More  than  50  '_ 

Z>=90 

.0=93 

1 

Cohesionless  soils 

Fine  sands 

Dd=75 

Od=90 

| 

controlled  by  rela- 

with 0-25. 

I  Soils  should 
[     be  very 

tive  density  test. 

Medium  sands 
with  0-25. 

Dd  =  70 

Z>d-85 

Coarse  sands 

Od  =  65 

Dj=80 

and  gravels 

with  0-100. 

Wo-wr  is  the  difference  between  optimum  water  content  and  fill  water  con- 
tent in  percent  of  dry  weight  of  soil. 

D  is  fill  dry  density  divided  by  Proctor  maximum  dry  density,  in  percent. 

Dd  is  relative  density,  as  defined  in  appendix  D,  in  percent. 

1  Cohesive  soils  containing  more  than  50  percent  gravel  sizes  should  be  tested 
for  permeability  of  the  total  material  if  used  as  a  water  barrier. 

cohesive  soils  than  for  soils  containing  little  or  no 
gravel.     This  fact  is  reflected  in  table  E-l. 
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Figure  E-12.     Statistical  analysis  of  field  density  tests  for  moisture  control. 


«    Appendix  F 


Concrete  in  Construction 


J.  E.  BACKSTROM,  L    C    PORTER,  G    B    WALLACE,  AND  E    L    ORE 


A.     CONCRETE  AND  CONCRETING  MATERIALS 


F-1.   Important  Properties  of  Concrete.      Concrete 

i-  one  of  ill'-  most  durable  and  versatile  of  all  con- 
struction materials.  Ii  i-  composed  of  sand. 
gravel,  crushed  rock,  or  other  aggregates  held  to- 
gether by  a  hardened  paste  of  hydraulic  cement 

and  water.  The  selection,  testing,  and  evaluation 
of  these  materials,  together  with  their  processing 
and  proportioning,  form  the  subject  of  this  ap- 
pendix. Specifications  for  concrete  are  included 
in  appendix  (>.  For  complete  coverage  of  con- 
crete as  a  construction  material  the  reader  is  re- 
ferred to  the  Bureau  of  Reclamation  Concrete 
Manual  [l].1 

The  characteristics  of  concrete  discussed  in  the 
following  sections  should  be  considered  on  a  rela- 
tive basis  and  in  terms  of  the  degree  of  quality  that 
is  required  for  any  given  construction  purpo 
In  addition  to  being  adequately  designed,  a  struc- 
ture must  be  constructed  properly  of  concrete 
which  is  strong  enough  to  carry  the  design  loads 
and  which  is  economical,  not  only  in  first  cost  but 
also  in  terms  of  its  ultimate  service.  In  addition 
to  strength,  concrete  must  have  the  properties  of 
workability  and  durability. 

F-2.  Workability.  Workability  has  been  defined 
as  the  ease  with  which  a  given  set  of  materials  can 
lie  mixed  into  concrete  and  subsequently  handled, 
transported,  and  placed  with  a  minimum  loss  of 
homogeneity.  Workability  is  dependent  on  the 
proportions  of  the  constituent  materials  as  well  as 
on  their  individual  characteristics.     The  degree  of 

workability  required  for  proper  placement  and 
consolidation  of  concrete  is  governed  by  the  dimen- 
sions and  shape  of  the  structure  and  by  the  spacing 


1  Engine**,  OonenU  I  ■boratan  Bunch,  Btmaa  of  Reclamation 
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and  size  of  the  reinforcement.  For  example,  con- 
crete having  Buitable  workability  for  a  pavement 
slab  would  be  difficult  or  impossible  to  economi- 
cally   place   in   a   thin,   heavily   reinforced   section. 

The  slump  test  [2]  coupled  with  judgment  de- 
veloped by  experience,  is  a  common  means  of 
evaluating  concrete  workability. 

F-3.  Durability.     A    durable    concrete    is    one 
which  will  withstand,  to  a  satisfactory  degree,  the 

effects   of   service    conditions    to    winch    it    will    he 

subjected,  such  as  "feathering,  chemical  action, 
and  wear. 

Weathering  Resistance.  Disintegration  of 
concrete  by  weathering  is  caused  mainly  by  the 
disruptive  action  of  freezing  and  thawing  and  by 

expansion  and  contraction,  under  restraint,  re- 
sulting from  temperature  variations  and  alternate 
wetting  and  drying.  Concrete  can  be  made  that 
will  have  excellent  resistance  to  the  effects  of 
such  exposures  if  careful  attention  is  given  to  the 
selection  of  materials  and  to  all  other  phases  of 
job  control.  The  purposeful  eiitrainment  of  -mail 
bubbles  of  air  helps  greatly  to  improve  concrete 
durability.  It  is  also  important  that,  where  prac- 
ticable, provision  be  made  for  adequate  drain. 
of  exposed  concrete  surfaces.  In  general,  the 
more  watertight  the  concrete,  the  more  difficult 
it  is  for  water  to  gain  entrance  and  to  fill  the  voids 
and  the  greater  is  the  resistance  to  frost  action. 

(b)  Resietanct   /<<  Chemieal  l)<ttr'i<,<  The 

common  causes  of  chemical  deterioration  of  con- 
crete include:  Alkali-aggregate  reactivity,  in 
which  alkalies  in  the  cement  react  chemically 
with  mineral  constituents  of  concrete  . 
deterioration  resulting  from  contact  with  various 
chemical    agents;    and    sulfate    attack,    in    which 
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salts  (principally  soluble  sulfates)  that  are  present 
in  ground  water  or  soil  in  contact  with  the  con- 
crete, attack  the  cement  paste. 

Alkali-aggregate  reactivity  is  characterized  by 
the  following  observable  conditions:  Cracking, 
usually  of  random  pattern  on  a  fairly  large  scale 
(see  fig.  F-l);  excessive  internal  and  overall 
expansion;  cracks  that  may  be  very  large  at  the 
concrete  surfaces  (openings  up  to  l}{  inches  have 
been  observed),  but  which  extend  into  the  con- 
crete only  a  distance  of  from  6  to  18  inches; 
gelatinous  exudations  and  whitish  amorphous 
deposits,  both  on  the  surface  and  within  the  mass 
of  the  concrete,  especially  in  voids  and  adjacent 
to  some  affected  pieces  of  aggregate;  peripheral 
zones  of  reactivit}r,  alteration,  or  infiltration  in 
the  aggregate  particles,  particularly  those  particles 
containing  opal  and  certain  types  of  acid  and 
intermediate  volcanic  rocks;  and  lifeless  chalky 
appearance  of  the  freshly  fractured  concrete. 

LTse  of  low-alkali  cement,  that  is,  cement  having 
a  sodium   equivalent   of   0.6   percent    or  less   as 


determined  by  summation  of  the  percentage  of 
sodium  oxide  plus  0.658  percent  of  potassium 
oxide,  provides  an  effective  means  of  preventing 
harmful  alkali-aggregate  reaction.  Tests  to 
evaluate  reactive  combinations  of  aggregate  and 
cement  are  involved  and  expensive.  Therefore, 
for  jobs  with  a  limited  budget,  inspection  of 
existing  concrete  structures  near  the  job  site  and 
determination  of  the  source  of  the  aggregate  and 
cement  used  in  the  structures  may  provide 
valuable  information  regarding  the  quality  of 
local  materials  for  use  in  construction.  Also,  the 
need  for  protective  measures  frequently  can  be 
determined  by  examination  of  the  prospective 
aggregate  by  an  experienced  petrographer.  Should 
there  be  any  doubt  regarding  the  reactivity  of  a 
prospective  aggregate  after  a  thorough  investi- 
gation of  the  material,  maximum  safety  is  assured 
at  little  extra  expense  by  specifying  low-alkali 
cement. 

Most   prominent   among  aggressive  substances 
which  affect  concrete  structures  are  the  sulfates  of 
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Figure  F-1.     Typical  pattern  cracking  on  the  exposed  surface  of  concrete  affected  by  alkali-aggregate  reaction. 
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godium,  magnesium,  and  calcium.  These  ■'till-, 
which  arc  known  as  "white  alkali,"  are  frequently 
encountered  in  the  "alkali"  soils  and  ground  w  aters 
of  the  western  half  of  the  United  States     The 

sulfate-  read  che all}   with  certain  compounds 

in  the  cemenl  to  produce  considerable  expansion 
mill  disruption  of  the  paste  The  result  <>f  such 
action  is  shown  in  figure  F  2.  Sulfate  attack  is 
reduced  !>;.  using  the  type  of  cemenl  indicated  in 
table  F  I  for  varying  degrees  <>f  Bulfate  concen- 
tration. While  the  type  of  cement  indicated  in 
table  F  l  I-  preferable,  reduction  in  Bulfate  attack 
cnn    be    obtained    through    increases    in    cement 

COIlt  cut  . 

Where  deposits  of  "white  alkali"  occur,  it  is 
advisable  to  examine  existing  concrete  structures 
in  the  vicinits  of  the  proposed  work  to  determine 
whether  protection  againsl  Bulfate  attack  will  be 
necessary.     The  presence  of  these  white  deposits 

of  suits  often  indicates  the  need  for  besting  the 
soil  and  ground  water  to  determine  if  harmful 
sulfate  concentrations  are  present.  Testing  is  de- 
niable because  the  white  deposits  may  be  chloridt 
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salts  winch,  compared  to  Bulfate  sails,  are  rela- 
tively harmless  to  hardened  concrete 

F-4.  Effects  of  Curing  on  Strength  7]  Experi- 
ence has  demonstrated  that  when  the  maximum 
permissible  water-cement  ratio  has  been  estab- 
lished on  the  basis  of  durability  requirements  as 

shown   in   table   F    '-',  concrete  will   usually  develop 

adequati  compressive  Btrength  if  properl)  placed 
and  cured.     Figure   F  3  shows  the  compressive 
si  rengl  h  development  of  concrete  cured  for  various 
lengths  of  time  and  subsequently  stored  or  dried 
Concrete  exposed  to  dry  air  from  the  time  it  is 


Figure  f-2.      Disinte9rafion  of  concrete  caused  by  sulfate  attack 
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placed  is  only  about  50  percent  as  strong  at  6 
months  as  concrete  moist-cured  14  days  before 
being  exposed  to  dry  air. 

Table  F-2. — Allowable  maximum  net  water-cement  ratios 
for  durability  of  concrete  subjected  to  various  degrees  of 
exposure 
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Type  or  location  of  concrete  or  structure,  and 
degree  of  exposure 


Water-cement  ratio, 
by  weight 


w/c, 


Concrete  in  portions  of  structures  subject  to 
exposure  of  extreme  severity,  such  as  the 
top  2  feet  of  walls,  boxes,  piers,  and  para- 
pets; all  of  curbs,  sills,  ledges,  copings, 
corners  and  cornices;  and  concrete  in  the 
range  of  fluctuating  water  levels  or  spray. 
These  are  parts  of  dams,  spillways,  waste- 
ways,  blowoff  boxes,  tunnel  inlets  and 
outlets,  tailrace  walls,  valve  houses,  canal 
structures,  and  other  concrete  work. 


Concrete  in  exposed  structures  and  parts  of 
structures  where  exposure  is  less  severe 
than  in  A,  such  as  portions  of  tunnel  lin- 
ings and  siphons  subject  to  freezing,  the 
exterior  of  mass  concrete,  and  the  other 
exposed  parts  of  structures  not  covered  by 


C.  Concrete  in  structures  or  parts  of  structures 
to  be  covered  with  backfill,  or  to  be  con- 
tinually submerged  or  otherwise  protected 
from  the  weather,  such  as  cutoff  walls, 
foundations,  and  parts  of  substructures, 
dams,  trashracks,  gate  chambers,  outlet 
works,  and  control  houses.  (If  severe  ex- 
posure durjig  construction  appears  likely 
to  last  several  seasons,  reduce  W/C  for 
parts  most  exposed  by  0.05.) 


Concrete  that  will  be  subject  to  attack  by 
sulfate  alkalies  in  soil  and  ground  waters, 
and  will  be  placed  during  moderate 
weather. 


Concrete  that  will  be  subject  to  attack  by 
sulfate  alkalies  in  soil  and  ground  waters, 
but  will  be  placed  during  freezing  weather, 
when  calcium  chloride  would  normally  be 
used  in  mix.  Do  not  employ  CaCh,  but 
decrease  W/C  to  the  value  shown. 


F.   Concrete  deposited  by  tremie  in  water  _ 


O.  Canal  lining. 


H.  Concrete  for  the  interior  of  dams_ 


Severe  cli- 
mate, wide 

range  of  tem- 
perature, 

long  periods 
of  freezing 
or  frequent 

freezing  and 
thawing 


0.  45±0.  02 


0.  50±0.  02 


0.  58±0.  02 


0.  45±0.  02 


0.  45±0.  02 


Mild  cli- 
mate, rainy 

or  arid, 
rarely  snow 

or  frost 


0.  55±0.  02 


0.  55±0.  02 


0.  58±0.  02 


0.  50±0.  02 


0.  45±0.  02 


0.  53±0.  02        0.  58±0.  02 


The  properties  of  this  con- 
crete will  be  governed 
by  the  strength,  ther- 
mal properties,  and 
volume  change  require- 
ments which  will  be 
established  for  each 
structure. 
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Figure  F-3.     Compressive  strength  of  concrete  dried  in  laboratory 
air  after  preliminary  moist  curing. 

F-5.  Effects  of  Entrained  Air  on  the  Properties  of 
Concrete. — Except  for  compressive  strength,  all 
properties  of  concrete,  including  workability, 
durability,  permeability,  drying  shrinkage,  bleed- 
ing, etc.,  are  materially  improved  by  the  purpose- 
ful entrainment  of  from  2  to  6  percent  air,  the 
optimum  amount  depending  on  the  maximum 
size  aggregate  used.  Supplementary  benefits  in 
the  form  of  reduced  water  and  cement  require- 
ments and  an  increase  in  ease  of  finishing  may  also 
be  realized.  Figure  F-4  shows  the  effects  of  air 
content  on  the  durability,  compressive  strength, 
and  required  water  content  of  concrete.  Note 
that  the  durability  increases  rapidly  to  a  maximum 
with  an  addition  of  air,  and  then  decreases  as  the 
air  content  is  further  increased,  while  compressive 
strength  and  water  content  continue  to  decrease 
with  the  increase  in  air  content.  Figure  F-5 
shows  the  strength  in  relation  to  the  water-cement 
ratio  for  both  air-entrained  and  nonair-entrained 
concrete.  Note  that  the  strength  decreases  with 
an  increase  in  water-cement  ratio,  and  that  the 
use  of  air  entrainment  also  decreases  the  strength. 

F-6.  Types  of  Portland  Cement. — Because  of  their 
size  or  physical  location,  structures  often  require 
the  use  of  cements  having  special  properties  to 
assure  adequate  durability  and  economic  life. 
At  the  present  time  there  are  five  main  types  of 
cement,  which  will  be  briefly  discussed.  The 
differences  in  type  are  the  result  of  changing  the 
relative  proportions  of  the  four  predominating 
chemical  compounds. 

Type  I  cement  is  for  use  in  general  concrete 
construction  when  the  special  properties  of  the 
other  t}Tpes  of  cement  are  not  required.  This  type 
of  cement  is  suitable  for  use  when  there  is  no 
exposure  to  sulfates  in  the  soil  or  ground  water. 
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Figure  F-4.      Effects  of  air  content  on  durability,  comprcisive  strength,  and  required  water  content  of  concrete 


Usually,    it    is    more    economical    than    type   II 
cement. 

Typt     II   cement    is    used    where    relatively    low 

heat    generation    is   desired   or   where    moderate 

sulfate   attaek    may    OCCUT.      Concrete    made    with 

type  II  cement   possesses  all  the  good  qualities 

inherent  in  that  containing  type  I  cement. 

Typt  III  cement  is  used  where  rapid  strength 
development  of  concrete  is  essential,  as  in  emer- 
gency construction  and  repairs,  and  in  the  COnstTUC- 
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Figure  F-5.      Strength  in  relation  to  water-cement  ratio  for  air- 
entrained  and  non-air-entrained  concrete. 


tion  of  machine  bases  and  gate  installations. 
Where  this  type  of  cement  i>  used,  curing  and 
protection  of  the  concrete  may  be  discontinued  at 
an  earlier  age. 

Typi    TV  cement  generates  less  heat   than  the 

other  types  and  at  a  slower  rate.  It  was  developed 
to  reduce  the  cracking  resulting  from  high  tem- 
perature rise  and  subsequent  contraction  with 
temperature  drop  that,  in  general,  accompai 
the  use  of  type  I  or  type  II  cements  in  massive 
concrete  structures.  In  addition,  concrete  in 
which  type  1 Y  is  used  has  somewhat  greater  resis- 
tance to  sulfate  attack  than  for  type  I  or  type  II. 
and  has  less  rapid  strength  development  but  equal 
strength  at  advanced  age-  (particularly  in  the. 
of  mass  concrete 

Typi  V  cement  is  especially  beneficial  where 
structures  Buch  as  canal  linings,  culverts,  and 
siphons  will  he  in  contact  with  Boils  and  ground 
waters  containing  Boluble  sulfates  in  Buch  concen- 
trations a>  would  cause  Berious  deterioration  of  the 
concrete  if  other  types  of  cement  were  used. 
Concrete  containing  type  V  cement  l-  much  more 
resistant  to  Bulfate  attack  than  concretes  which 
contain  any  of  the  other  types  of  cement.  Com- 
pressive strength  development,  though  generally 
not  so  rapid,  ultimately  is  approximate!)  equal  to 

that   developed   hy  other  t  \  DCS 


522 


DESIGN  OF  SMALL  DAMS 


Any  of  the  five  types  described  above  may  be 
purchased  to  meet  the  low-alkali  provisions  of 
Federal  Specification  SS-C-192a.  Air-entrain- 
ing cement  may  also  be  purchased  under  these 
specifications. 

F-7.  False  Set  in  Cement. — False  set  in  cement 
(sometimes  referred  to  as  premature  stiffening)  is 
evidenced  in  concrete  by  a  significant  loss  of  work- 
ability shortly  after  mixing.  It  is  most  likely  to 
prove  troublesome  where  delivery  of  mixed  con- 
crete to  the  forms  is  delayed  for  any  cause,  as 
when  the  batch  stands  for  a  few  minutes  in  the 
mixer  or  collecting  hopper  before  being  discharged. 
False  set  may  be  indicated  only  by  an  excessive 
loss  of  slump  between  the  mixer  and  the  forms. 
It  may,  however,  be  so  severe  as  to  defeat  all 
efforts  toward  control  of  uniformity  of  concrete, 
to  delay  construction  schedules,  and  to  increase 
the  costs  of  handling,  placing,  and  finishing  opera- 
tions. Furthermore,  false  set  will  increase  the 
water  requirement  of  concrete  with  resultant  lower 
strength,  erratic  air-entrainment  characteristics, 
and  other  adverse  effects. 

F-8.  Use  of  Pozzolans. — Pozzolans  are  siliceous 
or  siliceous  and  aluminous  materials,  which  in 
themselves  possess  little  or  no  cementitious  value, 
but  will,  in  finely  divided  form  and  in  the  presence 
of  moisture,  chemically  react  with  calcium  hy- 
droxide (lime)  at  ordinary  temperatures  to  form 
compounds  possessing  cementitious  properties. 
The  lime  required  for  this  reaction  is  provided  by 
the  portland  cement.  Materials  having  pozzolanic 
properties  are  some  clays  and  shales,  volcanic 
materials  (including  pumice,  pumicite,  etc.)  and 
fly  ash,  a  product  of  some  coal-burning  boilers. 

Pozzolans  usually  should  not  be  specified  for 
concrete  unless  there  are  definite  advantages  in 
their  use.  Pozzolans  may  be  used  to  improve 
the  workability  and  quality  of  concrete,  to  effect 
economy,  or  to  protect  against  disruptive  ex- 
pansion caused  by  the  reaction  between  certain 
aggregates  and  the  alkalies  in  cement.  In  ad- 
dition to  improving  workability  of  concrete,  most 
pozzolans  will  reduce  heat  generation,  thermal 
volume  change,  bleeding,  and  permeability  of 
concrete.  Compressive  strength  development  is 
at  a  slower  rate  than  that  of  portland  cement,  but 
the  ultimate  strength  developed  is  as  great  or 
possibly  greater. 

F-9.  Quality  and  Gradation  of  Aggregates. — 
The  procedures  for  quality  and  gradation  tests 


for  concrete  aggregates  are  outlined  in  the  ap- 
pendix of  the  Bureau  of  Reclamation  Concrete 
Manual  [1].  Concrete  aggregate  usually  consists 
of  natural  sand  and  gravel,  crushed  rock,  or  mix- 
tures of  these  materials.  Natural  sands  and 
gravels  are  the  most  common  and  are  used  when- 
ever they  are  of  satisfactory  quality  and  can  be 
obtained  economically  in  sufficient  quantity. 
Crushed  rock  is  widely  used  for  coarse  aggregate 
and  occasionally  is  processed  to  produce  sand  when 
suitable  materials  from  natural  deposits  are  not 
economically  available.  Production  of  workable 
concrete  using  sharp,  angular,  crushed  fragments 
usually  requires  more  care  and  more  cement  and 
water  than  does  concrete  made  with  well-rounded 
sand  and  gravel.  However,  the  difficulty  of 
making  workable  concrete  with  crushed  aggregate 
may  be  greatly  reduced  through  the  extra  work- 
ability imparted  by  entrained  air. 

Aggregate  is  commonly  contaminated  by  silt, 
clay,  mica,  coal,  humus,  wood  fragments,  or  other 
organic  matter,  chemical  salts,  and  surface  coat- 
ings and  encrustations.  Some  contaminating 
substances  in  concrete  act  in  a  variety  of  ways  to 
cause  unsoundness,  decreased  strength  and  dura- 
bility, and  unsightly  appearance;  their  presence 
complicates  processing  and  mixing  operations. 
Fortunately,  excesses  of  contaminating  substances 
may  frequently  be  removed  by  simple  washing. 

An  aggregate  is  considered  to  be  physically 
sound  if  it  is  adequately  strong  and  is  capable 
of  resisting  the  agencies  of  weathering  without 
disruption  or  decomposition.  Mineral  or  rock 
particles  that  are  physically  weak,  extremely 
absorptive,  easily  cleavable,  or  which  swell  when 
saturated  are  susceptible  to  breakdown  through 
exposure  to  natural  weathering  processes.  The  use 
of  such  materials  in  concrete  reduces  strength  or 
leads  to  premature  deterioration  by  promoting 
weak  bond  between  aggregate*  and  cement  paste, 
or  by  inducing  cracking,  spalling,  or  popouts. 
Shales,  friable  sandstones,  some  micaceous  rocks, 
clayey  rocks,  some  very  coarsely  crystalline  rocks, 
and  various  cherts  are  examples  of  physically  un- 
sound aggregate  materials. 

Chemical  soundness  of  an  aggregate  is  also 
important.  In  many  instances,  excessive  expan- 
sion causing  premature  deterioration  of  concrete 
has  been  associated  with  chemical  reaction  be- 
tween reactive  aggregate  and  the  alkalies  in 
cement.     Known    reactive    substances    are     the 
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silica  minerals  (opal,  chalcedony,  tridymite,  cris 
tobalite),  zeolite,  heulandite  land  probably   ptilo- 
litci,  glassy   to  cryptocryBtalline  rhyolites,  dacites 
and  andeaites  and  tlteir  lulTs,  and  certain  phj  Hi  tea 

An  aggregate  should  ami  usually  does  have  >uf- 
ficienl  Btrength  to  develop  the  full  Btrength  <»f  the 
cementing  matrix  Generally,  resistance  of  con- 
crete to  abrasion  is  directhj  related  to  its  cow 
preaaivi  strength  regardless  of  the  type  of  aggregate 
employed  I  anally,  quartz,  quartsite,  and  man} 
dense  volcanic  and  siliceous  rocks  arc  well  adapted 
for  making  strong  and,  therefore,  wear-resistant 
concrete 

Volume  change  in  aggregate  resulting  from  wet- 
ting or  dn  ing  is  a  common  aource  of  injury  to  con- 
crete Shales,  clays,  and  sonic  rock  nodules  arc 
examples  of  materials  that  expand  when  the}  al>- 
SOrb  water  and  shrink  as  the)  dr\ 

Flat  or  elongated  particles  of  aggregate  have  a 
detrimental  effect  on  the  workability  of  concrete 
and  require  more  highly  sanded  mixes  with  conse- 
quent use  of  more  cement  and  water.  A  moderate 
percentage  of  flat  or  elongated  fragments  in  the 
larger  sizes  of  coarse  aggregate  has  little  effect  on 
the  workability  or  cost  ol  concrete 

Specific  gravity  [3]  is  a  useful,  quick  indicator  of 
aggregate  quality.  Low  specific  gravity  fre- 
quently indicates  porous,  weak,  and  absorptive 
material,  and  high  specific  gravity  often  indicates 

od  quality.  However,  such  indications  are  not 
infallible  and  should  be  confirmed  l>\  other  tests 
Specific  gravity  of  aggregate  in  itself  is  of  direct 
importance  only  in  those  cases  where  design  or 
structural  considerations  require  that  the  concrete 
have  minimum  or  maximum  weight.  When  light- 
ness is  desired,  artificially  prepared  aggregates  of 

low    unit    weight    are    frequently    used    in    place   of 
natural  rock. 

The  particle-size  distribution  of  aggregate  as  de- 
termined l>\  separation  with  standard  screens  is 
known  as  its  gradation  |4j.  Aggregate  grading  is 
important  principally  because  of  its  effect  on 
water-cement  ratio  and  paste-aggregate  ratio, 
which  affect  econoni\  and  placeahility  of  concrete. 
a  grading  chart,  similar  to  that  shown  in  figure 
V  6,  is  useful  for  depicting  the  size  distribution  of 
the  aggregate  part  ides. 

F— 1 0.  Quality  of  Mixing  and  CuringWater.  Mix- 
ing and  curing  water  for  concrete  should  he  reason- 

ahl\  clean  and  free  from  objectionable  quantities 

of  >dt,  organic  matter,  alkali,  salts,  ami  other  iin- 
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purities      Preparatory     to    its    use    m    concrete, 

water  from  a  stream  carrying  an  excessive  <|iian- 
til\  of  suspended  solids  should  he  allowed  to  -land 
in   settling   hasiiis  or  should    he  clarified    li\    oilier 

mean-  A  turbidit)  limn  of  2,000  parts  pel  mil- 
lion is  sometimes  specified  for  mixing  water  If 
clear  water  does  not  have  a  saline  or  brackish 
taste,  it  ma\  he  used  for  mixing  ami  curing  con- 
crete without  further  testing  Proposed  curing 
water  Buspected  of  containing  more  than  1,000 
part-  per  million  of  sulfate  should  he  analyzed 

F— 11.  Use  of  Admixtures.  The  earij  Btrength  of 
concrete  can  he  materially  increased  bj  inclusion 
of  an  accelerator  such  as  calcium  chloride  in  the 
concrete    mix        Increased    earl\     Strength    during 

cold  weather  affords  better  protection  against 
damage  of  concrete  from  freezing  at  the  end  of  t fi*» 
specified  protection  period  Also,  high  earl] 
strengths  maj  !><■  desirable  for  expediting  form  re- 
moval or  to  permit  early  loading  of  anchor  devil 

Use  of  air  entrainmciit  in  concrete  is  a  require- 
ment for  Bureau  of  Reclamation  construction. 
Purposeful  entrainment  of  air  is  accomplished  by 
adding  an  air-entraining  agent  to  the  concrete  mix 
which  results  in  the  dispersion,  throughout  the 
mix,  of  noncoalescing  spheroids  of  air  having 
diameters  of  from  approximately  (l.0(i:<  to  (mi/, 
inches.  The  amount  of  air  entrained  is.  in  gen- 
eral, a  direct  function  of  the  quantity  of  agent 
added.  Among  the  factors  that  influence  the 
amount  of  air  entrained  in  concrete  for  a  given 
amount  of  air-ent  raining  agent  are:  grading  and 
particle  shape  of  aggregate,  richness  of  mix. 
mixing  time,  slump,  and  temperature  of  concrete. 

Desirable  air  contents,  at  the  mixer,  for  con- 
crete BUbjeCt  to  severe  freezing  arc  generally  BS 
follow  s; 

.  Total  air. 

Coarse  aggregate,  maximum  Bi«e  in  in<  p,r 

..l 

:.     I 

A  t      I 

;;;.     i 
For  concrete  not  suhject   to  severe  freezing,  air 

contents  may  he  reduced  as  much  as  one-fourth 
if  Btrength  development  is  critical  and  sufficient 

workability   can  still  he  maintained. 

Retarders  are  only  recently  training  f''Vi"  ■> 
admixtures  for  concrete.  Generally,  these  chemi- 
cals   are    added    to    concrete    during    hot-weather 
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DESIGN  OF  SMALL  DAMS 
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Figure  F-6.     Typical  size  distribution  of  suitably  graded  natural  aggregate. 
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placing  to  prevent  slump  Ion-,  excessive  increase  in 
water  requirement,  and  to  prolong  the  workability 
of  concrete  during  adverse  placing  conditions. 
When  retardera  are  used,  the  manufacturer's 
recommendations  Bhould  be  followed  carefully,  as 
large  overdosages  of  certain  of  the  chemicals  ma} 
drasticallv  affeel  the  Betting  nine  or  strength 
(lev  elopmenl  of  i  lie  concrete 

F-12.    Field  Control.      After     concrete     materials 

have  been  selected  and  the  relative  proportions 
determined,  their  use  should  be  controlled  closely. 
Tin-  Held  control  governs  the  quality,  uniformity, 
und  ultimate  economy  of  the  concrete  structure. 
Much  of  the  potential  value  of  first-class  materials 


and  optimum  proportioning  ma\  be  J » »— i  thr« 
ineffective  control  in  batching,  mixing,  handling, 
placing,  and  curing.  The  poorer  the  quality  of  the 
ingredients,  the  greater  the  need  for  rigid  control 
to  attain  satisfactory  durability  and  strength  and. 
therefore,  maximum  serviceable  life  in  the  struc- 
t  ure. 

The  degree  of  uniformity  of  coi  'h  is 

a  measure  of  success  in  attaining  adequate  lield 
control  Without  adequate  control  of  concrete 
manufacturing  operations,  wide  variations  in 
strength  will  occur  and  extra  cement  will  l>e 
needed  to  insure  that  the  quality  <>f  the  concrete 
will  meet  minimum  requirements. 


B.     DESIGN  OF  CONCRETE  MIXES 


F-13.  Introduction.  Concrete  is  composed  es- 
sentially <>f  until,  cement,  aggregate,  and  pur- 
posefully entrained  air.     Proporl  ionsof  ingredients 

Should  be  Selected    to    make    the    most    economical 

use  of  available  materials  thai  will  produce  con- 
crete of  the  required  workability,  durability  and 
strength      Mix  proportions  Bhould  be  selected  to 

produce  concrete  with: 

The  Btiffesl  consistency  (maximum  amount 
of  coars  gate)  that  can  he  placed  efficiently 

with  vibration  to  provide  a  homogeneous  mass; 

2  The  maximum  Bize  of  aggregate  econom- 
ically available  and  consistent  with  satisfactor} 
placement  by  vibrat  ion  ; 

Adequate  durability  to  withstand  satis- 
factorily the  weather  and  other  destructive 
agencies  to  which  it  max  he  exposed;  and 

\     Sufficient    Btrength    to   withstand    (he    loads 

to  he  imposed  without  danger  of  failure. 

F-14.  Estimate  of  Water  Requirement. —  ()\  cruet 
concrete  Bhould  always  he  avoided:  it  is  difficult 
to  place  without  segregation  and  it  is  certain  to  he 

weak    ami    lacking    in    durability.     The    proper 
sistency,  a-  determined  by  the  slump  test  |2], 
for  placing  and   consolidating   concrete  in   various 
types  of  structures  is  shown  in  table  I 

The  quantity  of  water  per  unit  volume  of  con- 
crete required  t<>  produce  a  mix  of  desired  con- 
•  n<\  1^  influenced  by  the  maximum  size,  par- 
ticle shape,  and  grading  of  the  aggregate  and  by 
the  amount  of  entrained  air.  Within  the  normal 
range  of  mixes,  the  water  requirement  is  relatively 
unaffected  by  the  quantity  of  cement.    The  quan- 


T  MO  1       I      :S  /,  !<  it     m, if 


Canal  Unlni 

nd  tunnel  li 

h  hi  tunnel  lining 


■lump  in 


hilt 

lidaled,  and  nr<-  f«>r  mis  Indi- 

cated In  '  ibk   I    t 

tities  of  water  given  in  table  F  l  are  of  sufficient 
at  curacy  for  preliminary  estimate-  <>f  proportions. 

They   are   the  averages   that    may   he  expected    for 

various  maximum  sizes  <>f  fairly  well  shaped  ami 
well   graded   aggregate.     Flat-shaped   aggregates 

with  exec—  line-  will  require  more  water,  and  per- 
fectly round  shaped,  w.ll  graded  aggregates  will 
not  require  as  much  water  as  show  n  in  table  F  1 
The  weight  of  water  throughout  the  normal  range 
of  placing  temperatures  may  !><•  assumed  to  he 
pounds  per  cubic  foot . 
F-15.  Estimate  of  Cement  Requirement.  A.  funda- 
mental rule  for  designing  plastic  concrete  mixes 
i-  that  the  Strength  and  durability  of  hardened 
concretes,  with  the  same  air  content,  vary  inversely 
with  the  ratio  of  the  weight  of  water  to  the  weight 

of  cement.  Table  F  ■-'  will  serve  a-  a  guide  in 
selecting  maximum  permissible  water-cement  ra- 
tios for  different  severities  of  exposure  when 
proper  use  is  made  of  air  en  trainmen  t. 
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Table  F-4. — Air  and  water  contents  for  concrete  containing 
natural  sand  and  average  coarse  aggregate 

FOR     FINENESS      MODULUS    (F.M.)  '    EQUAL  TO  2.75    AND    A 
SLUMP  OF  2  TO  4  INCHES  AT  THE  MIXER 


DESIGN  OF  SMALL  DAMS 


Maximum  size  of  coarse 
aggregate,  inches 

H 

H 

34 

1 

m 

2 

3 

6 

Percent    dry-rodded   unit   weight   of 
coarse  aggregate  per  unit  volume  of 
concrete 

Recommended  air  content,  percent  ... 
Average  water  content,  pounds  per 

cubic  yard..       ...          ... 

Sand,  percent  of  total  aggregate  by 

solid  volume 

41 

8 

322 
59 

52 
7 

306 

50 

62 
6 

283 

42 

67 
5 

267 

37 

73 
4.5 

245 

33 

76 
4 

229 

30 

81 
3.5 

204 

28 

87 
3 

164 

24 

ADJUSTMENT  OF  VALUES  FOR  OTHER  CONDITIONS 


Effect  on  values 

Changes  in  conditions  stipulated 

Unit 
water 
content 

Percent 
sand 

Percent  of 
dry-rodded 

coarse 
aggregate 

Each  O.lincreaseor decrease inF.M. 
ofsand 

±0.5 

=F1 

Each  1-inch  increase  or  decrease  in 
slump 

±3% 

T3% 

-8  1b. 

Each  1  percent  increase  or  decrease 
in  air  content 

(=F)0.  5  to  1.  0 
-3 

For  less  workable  concrete,  as  in 
pavements        .  .  . .  

+6 

1  The  fineness  modulus  ofsand  is  computed  by  adding  the  cumulative  per- 
centages retained  on  the  6  standard  screens,  from  the  No.  4  to  the  No.  100, 
inclusive,  and  dividing  the  sum  by  100. 


Table  F-5  shows  an  approximation  of  the  min- 
imum strengths  to  be  expected  for  air-entrained 
concrete  with  different  water-cement  ratios.  This 
table  is  conservative  and  can  be  used  in  estimating 
the  strength  of  concrete  until  verified  by  tests  of 
compressive  strength  specimens. 

The  cement  content  is  calculated,  using  the 
lowest  maximum  permissible  water-cement  ratio 
selected  from  table  F-2  or  table  F-5  and  the  water 
requirement  from  table  F-4.  The  calculation  is 
accomplished  by  dividing  the  water  requirement 
by  the  water-cement  ratio.  If  a  minimum  cement 
content  is  specified,  the  corresponding  water- 
cement  ratio  for  estimating  strength  can  be  com- 
puted by  dividing  the  water  content  by  the 
cement  content. 

The  term  "cement"  refers  to  portland  cement 
or  a  combination  of  portland  cement  and  pozzolan 
fully  meeting  the  requirements  of  applicable 
Bureau  of  Reclamation  specifications. 


Table  F-5. — Probable  minimum  compressive  strength  of 
concrete  for  various  water-cement  ratios,  pounds  per 
square   inch 


Water-cement 
ratio  by  weight 

Compressive 
strength  of  air- 
entrained  concrete 
at  28  days 

0.40 

4.300 

.45 

3,900 

.50 

3,500 

.55 

3,100 

.60 

2.700 

.65 

2.400 

.70 

2,200 

F-1 6.   Estimate  of  Entrained  Air  Requirement. — En- 

trainment  of  air  reduces  bleeding  and  segregation, 
greatly  facilitates  the  handling  and  placing  of 
concrete,  and  permits  the  use  of  a  wider  range 
in  aggregate  gradation.  It  makes  possible  lower 
sand  and  water  requirements,  and  also,  the  cur- 
tailed bleeding  permits  finishing  of  concrete  sur- 
faces earlier,  with  less  work.  The  most  impor- 
tant benefit  of  entraining  air  in  concrete  in  severe 
climates  is  that  it  strikingly  increases  the  resist- 
ance to  the  disintegrating  action  of  freezing  and 
thawing.  Resistance  to  chemical  attack  and  per- 
meability is  improved  by  the  reduction  in  capil- 
lary and  water-channel  structure  produced  by  air 
entrainment.  The  benefits  cited  above  may  be 
obtained  by  the  recommended  percentages  of 
entrained  air  shown  in  table  F-4.  In  mild  cli- 
mates, these  values  may  be  reduced  about  one- 
fourth,  provided  satisfactory  workability  can  be 
maintained. 

The  amount  of  air-entraining  agent  required  to 
produce  a  desired  percentage  of  entrained  air 
varies  with  the  materials  used,  temperature  of 
the  concrete,  richness  of  mix,  and  consistency  of 
the  fresh  concrete.  Decreasing  the  slump  and 
increasing  temperature  and/or  cement  content  of 
concrete  will  usually  require  larger  amounts  of 
agent  to  maintain  the  desired  air  content.  The 
manufacturer's  recommendation  should  be  used 
for  the  initial  mix.  More  or  less  agent  may  be 
added  to  subsequent  mixes  as  indicated  by  tests. 
Tests  to  determine  air  content  are  described  in 
the  Bureau  of  Reclamation  Concrete  Manual  [5]. 
Agents  are  marketed  in  both  liquid  and  powdered 
forms,  but  should  be  added  as  a  solution  to  the 
mix  water  either  before  the  mixer  is  charged  or 
during  charging.  Some  cements  are  manufactured 
with  an  air-entraining  agent  integrally  blended 
with    the    cement.     However,    if    a    uniform    air 
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content  is  i<>  be  maintained  under  varying  condi- 
tion- of  temperature,  consistency,  richness,  and 
materials,  the  air-entraining  agent  should  be 
added  si  the  hutch  plant  so  that  the  amount  added 
nin\  be  readily  adjusted  for  the  changing  condi- 
tions. Control  <>f  the  amount  of  air  is  neccssarj 
for  adequately  uniform  strength  of  concrete,  since 
an  overdose  <>f  entrained  air  will  decrease  the 
compressive  strength.  Cost  of  air  entrainment  is 
\  t-i  \  -mall  compared  to  the  benefiti  received, 
amounting  to  only  a  few  cents  per  cubic  yard  of 

concrete 

F-1  7.  Estimate  of  Aggregate  Requirement.      Larger 

maximum  Bizes  and  quantities  oi  well-graded 
Doarse  aggregate  require  less  mortar  t"  fill  voids 
ami  provide  workability  A  good  estimate  of  the 
optimum  quantity  <>f  a  given  maximum-size  coarse 

aggregate  is  shown  in  table  F  i  as  the  percent  of 
the  dry-rodded  unit  weight  per  unit  volume  of 
concrete  Table  F  6  gives  the  recommended 
maximum  size  of  aggregate  for  various  types  of 
construction.  The  largest  permissible  aggregate 
si/.e  should  be  used  hecniise  it  permits  minimum 
water  and  cement  requirements.  Determination 
of  dry-rodded  unit  weight  of  coarse  aggregate  is 
described  in  the  Bureau  of  Reclamation  Concrete 
Manual  [6].  Basing  the  amount  of  coarse  aggre- 
gate on  a  fixed  percentage  of  the  dry-rodded  unit 
freight  automatically  makes  allowance  for  differ- 
ences in  mortar  requirements  as  reflected  by  void 
content  For  example,  angular  aggregates  have 
a  higher  void  content  and  therefore  require  more 
mortar  than  rounded  aggregate.  The  higher  void 
content  results  in  a  lower  dry-rodded  unit  weight 
and  therefore  decreases  the  amount  of  coarse 
aggregate  obtained  from  the  fixed  percentage, 
which  automatically  produces  a  greater  amount 
of  mortar  per  unit   volume  of  concrete. 

When    the    coarse    aggregate    is    estimated    as 

Tabu   I    6      Maximum  titea  of  aggregate  recommended  for 
various  type*  of  construction 


M  Inlmum  dimen- 
sion "( section. 
Inches 


S  or  I. 
A  to  II 
12  to  ■ 

30  or  man 


Maximum  slie  of  aggregate.1  In  incl. 


Reinforced  walls, 
beams,  and 

column*. 


Heal  II]  rrin- 
foroed 


. 


KtolH 

l 

3 


Lightly  reta- 
il unrein- 
Forced 


6. 


Based  on  square  screen  openings 


described  above,  the  amount  of  -and  i-  calculated 

11-    follow  - 

Determine  the  volume  of  the  known  ingredients 
in  cubic  feet  per  cubic  yard  of  concrete  The 
volume  occupied  bj  s  material  is  equal  to  its  w  eight 
divided  bj  it-  densit}  (Density  specific  gi 
\it\  \  62  :<  The  specific  gravitj  of  -and  and 
coarse  aggregate  ma]  be  determined  in  accordance 
with  the  Bureau  of  Reclamation  Concrete  Manual 
[3],  Cement  densitj  maj  be  assumed  to  he  196.2 
pound-  per  cubic  foot  The  volume  of  air  m  cubic 
feet  per  cubic  yard  of  concrete  equals  27  tune-  the 
percent  air  divided  by  100     Subtracting  the  total 

volume  of  all  ingredient-  except  -and  from  _'7 
give-   the    volume   of  -and    in   cuhic   feet    per  cuhic 

yard      Multiplying   the   volume  of  sand    bj    m- 
densit]  gives  it-  weight  in  pound-  per  cuhic  yard. 
F-18.  Computations  of  Proportions.    The  compu- 
tations of  proportions  for  concrete  mixes  can  I 

he  explained   hy   mean-  of  Specific  examples        For 

these  examples,  the  following  design  criteria  ami 

mix  materials  will  he  a  — umed: 

(li    Type  II  cement   with  a  -pecific  gra vi t y 
of  3.15 

2    ( losrse  aggregate  wit  h  a  -pecific  gravitj 
of  2  68 

(3)  Sand  with  a  -pecific  gravity  of  2.63  and 

a  fineness  modulus  of  _•  ?."> 

(4)  Dry-rodded      unit      weight      of     coarse 
aggregate  of  105  pound-  per  cuhic  foot. 

5     Sufficient    air-entraining    agent    to    en- 
train  the  percentages  of  air  recommended   in 

table  F  i 

Examplt    1       The  first   example  involve-  a  rein- 
forced retaining  wall,  having  a  minimum  thick] 
of  11  inches.     Tables  F  3  and  F  6  indicate  that  a 

3-inch  slump  (under  "Other  Structures")  and  1  - 
inch-niaxinium-si/.e  aggregate  will  be  satisfactory. 
The  concrete  will  he  suhjected  to  rather  SeV( 
climatic  exposure  and  will  fall  in  class  B  of  table 
F-2.  The  wall  has  been  designed  on  the  basis  of 
standard  6-  by  12-inch  cylinders  testing  greater 

than  3,000  pounds  per  square  inch  at  _'N  days.  In 
order  to  insure  that  all  cylinder-  test  over  3,000 
pounds  per  square  inch  on  a  well-controlled  job, 
the  average  strength  would  have  to  be  over  4,600 
pounds  per  square  inch.     Experience  has  shown 

this    criterion    to    he    too    conservative    and    that 

satisfactory  results  can  he  obtained  if  Sl1  percent 

of   the    te-t-   are   aho\e    the   design   strength.      On 

tin-  basis  the  mix  will  have  to  he  designed  for  an 
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average  strength  of  about  3,450  pounds  per  square 
inch.  The  latter  requirement  will  be  used  in  this 
example.  The  computations  for  example  1  are 
shown  in  table  F-7. 

Table  F-7. — Computations  of  concrete  mix  proportions — 
Example  1 


Solid 

Weight, 

Conversion 

volume. 

Mix  ingredients 

pounds  per 

of  weight 

cubic  feet 

cubic  yard 

to  volume 

per  cubic 
yard 

Water:  Estimated  value  from  table 

245 

245 

3.93 

F-4._ 

62.3 

Cement: 

W/C  tor  durability,  class  B  con- 

crete (table  F-2)=0.50. 

W/C  for  strength  (table  F-5)  = 

0.51      (durability      controls, 

therefore  use  0.50). 

_          .     water    content 

Cement  = „.,,, = 

W/C 

245 

490 

490 

2  50 

0.50 

3. 15X62. 3 

Air:  From  table  F-4,  4.5  percent: 

0.045X27=        -- 

1.21 

Coarse  aggregate: 

Percent    of    dry-rodded    unit 

weight    from    table    F-4 =73 

percent. 

Dry-rodded    unit    weight  =105 

poundsX0.73=76.6   pounds 

2,070 

2,070 

12  40 

2.  68X62. 3 

All  ingredients  except  sand 

Sand: 

2,805 

20.04 

Volume  27—20.04=  . 

6.96 

Weight  6.96X2.63X62.3  =  .. 

1,140 

Total 

3,945 

27.00 

F-19.  Alternate  Method  of  Computations  of  Pro- 
portions.— If  it  is  necessary  to  estimate  the  mix 
proportions  without  determining  the  dry-rodded 
unit  weight  of  coarse  aggregate,  the  percentages 
of  sand  shown  in  table  F-4  may  be  utilized.  The 
total  volume  of  aggregate  in  cubic  feet  per  cubic 
yard  of  concrete  (both  sand  and  coarse  aggregate) 
is  computed  by  subtracting  from  27  the  cubic 
feet  of  water,  cement,  and  air  per  cubic  yard  of 
concrete.  The  volume  of  sand  in  cubic  feet  per 
cubic  yard  of  concrete  is  obtained  by  multiplying 
the  cubic  feet  of  total  aggregate  in  a  cubic  yard 
of  concrete  by  the  percentage  of  sand  extracted 
from  table  F-4. 

Computations  utilizing  this  alternate  method 
are  illustrated  in  the  following  example.  For  this 
example,  the  design  criteria  and  mix  materials 
will  be  the  same  as  for  example  1,  except  that  the 
dry-rodded  unit  weight  is  unknown. 

Example  2. — The  second  example  (table  F-8) 
requires  a  concrete  mix  for  a  powerhouse  founda- 
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tion  which  will  not  be  exposed  to  freezing  and 
thawing.  This  condition  will  permit  the  use  of 
class  C  concrete  from  table  F-2.  The  designers 
have  specified  a  design  strength  of  2,870  pounds 
per  square  inch  at  28  days.  Tables  F-3  and  F-6 
indicate  that  a  3-inch  slump  (again  under  "Other 
structures")  and  3-inch-maximum-size  aggregate 
will  be  satisfactory. 

F-20.  Batch  Weights  for  Field  Use.— The  preced- 
ing trial-mix  computations  provide  the  batch 
quantities  for  a  cubic  yard  of  concrete.  It  is 
seldom  possible  to  mix  concrete  in  exactly  1 -cubic- 
yard  batches.  Therefore,  these  quantities  must 
be  converted  in  proportion  to  the  size  of  batch 
to  be  used.  This  conversion  can  be  accomplished 
by  multiplying  the  1 -cubic-yard  quantity  of  each 
ingredient  by  the  volume  of  the  new  batch  in  cubic 
yards.  This  volume  can  readily  be  computed 
from  the  proportions  of  any  one  of  the  ingredients 
in  the  1-cubic-yard  batch  and  the  new  batch. 
For  example,  assume  that  a  3-sack  mixer  is 
available  and  that  the  trial  mix  in  example  1  is 
to  be  used.  The  volume  of  the  new  batch  is 
three  times  the  weight  of  a  sack  of  cement,  divided 


Table  F-8. — Alternate  method  of  computations  for  concrete 
mix  proportions — Example  2 


Mix  ingredients 

Weight, 
pounds  per 
cubic  yard 

Conversion 
of  weight 
to  volume 

Solid 

volume, 

cubic  feet 

per  cubic 

yard 

Water:  Estimated  value  from  table 
F-4 

204 
352 

204 
62.3 

352 

3.27 

Cement: 

W/C  lor  durability,  class  C  con- 
crete (table  F-2)  =0.58. 
W/C  for  strength  (table  F-5)  = 
0.58. 
Cementing  materials= 
water  content     204 
W/C            0. 58 

1  79 

Air:  From  table  F-4,  3.5  percent: 
0.035X27  = 

3. 15X62. 3 

0.95 

All  ingredients  except  aggregate 

Aggregate: 

Volume=27-6.01  = 

Percent  sand   (table   F-4)  =28 

percent. 
Volume   of  sand=0. 28X20.99= 

556 

6.01 

20.99 
5.88 

Volume  of  coarse   aggregate  = 
20.99-5.88= 

15.11 

Weight    of    sand=5.88X2.63X 
62.3= 

963 
2,523 

Weight   of   coarse   aggregate  = 
15  11X2  68X62  3- 

Total 

4,042 

27.00 
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l)\    the   weight  of  cement    for  the    l-cubic-yard 
batch  "i 

«     m  " "'•"■-"'I 

The  field  hatch  proportions  will  be  as  follows 


Inyidttilt  Mrmkl.  (>»lni<ii 

Water  .I-.-I41 

ci  I7IX1.  140-655 
rftX2.OTO-l.190 


.  .  . 
■  -  i  u 

.   i  I-  7  13 


The  aggregates  have  been  aaaumed  to  be  in  ■ 
saturated  Burface-drj  Btate  ruder  field  condi- 
tions, the}  will  generally  be  moist,  arid  the  quan- 
tities to  be  batched  in  the  mixer  must  be  adjusted 
accordingly  Assume  thai  teats  show  the  sand  to 
contain  5  percent  and  the  coarse  aggregate  l 
percent    free    moisture.     Since    the    quantity    of 

saturated     surface-dr\      sand     required     WBS 
DOUnds,  the  amount   of  moist   sand  to  he  weighed 
5  ■  1.05  =  688  pounds.     Similarly,  the  weight 
of  moist   coarse  aggregate  is  1,190X1.01  =  1,202 
pounds.     Coarse    aggregate    is    sometimes    drier 

than    saturated    surface-dry       Assuming    an    ab- 
sorption  of    1    percent,    the   amount    of   saturated 


Burface-dn  ite  required  would  be  1,190 

1,178  pounds 
The  free  water  m  the  a  ■  •■  must  he  con- 

sidered a-  part  of  the  mixing  water,  whereas  water 
must  he  added  to  allow  for  absorption  in  the  <■ 

of    <li\  ite        In    our    example       free    water 

mixing    a  atei      in    t  he    sand    ia 

pounds,     and     in      t  he  /ate      i  .jnj 

l .  190     12  pounds      If  1 1. 
dry,   1,190     1,178     12  pounds  of  water  must    be 

added  tO  the  mixing  water  to  allow   for  absorption. 
F-21.    Adjustment  of  Trial  Mix.       In     example      1. 

assume  that  after  a  few  batches  of  concrete  have 
been  mixed  on  the  jol>,  150  pounds  of  water  are 

found    to    he    needed    to    produi  rich    -dump 

instead   of  the   estimated    14  1    pounds 

mi  '■'•"  -         i 

I  he  new   water-cement   ratio  by 

-  s_ 

weight.  The  adjusted  hatch  weights  and  volumes 
are  shown  in  table  F  0  The  actual  weight  of 
each  ingredient  in  pounds  per  cubic  yard  is  equal 
to  the  hatch  weight  of  the  ingredient  divided  by 

the  hatch  volume  in  cubic  yards.  The  unit  w  eight 
test  show>  the  concrete  to  weigh  147  4  pounds  per 
cubic  foot . 


..      .       ,  summation  of  batch  weights  277        _  „_„,      ,  .  i 

Batch  volume=—  ,  ,     • .._      ,     '  ^.,=0.572  cubic  yard 

measured  unit  weight  X  2]       14*. 4X27 

150 
Water  content=jr-r=5=262  pounds  per  cubic  yard 

>v> 

(  Vinent  content==jr-==s=493  pounds  per  cubic  yard 

855 
Sand  content=jr-r== 1,145  pounds  per  cuhic  yard 

('oar-    aggregate  COntent==:r1r===2,080  pounds  per  cuhic  yard. 


F-22.    Air-Entraining  Agent.      The    percentage   of 

entrained   air  in   the  concrete  can   he  determined 

T\hi  v.  Y  U    -Adjusted  batch  weight*  and  tolui 


Ingredient - 

WeiehN. 

pound*  pet 

batch 

Coble  fiii 

I»-r  batch 

150 

655 
1.180 

150 
-2.41 

' 

62.3     |   u 

Sand ' 

4.00 

7  13 

Total 

M.D8 

1  Same  weight  and  volume  as  original  batch 


from  the  unit  weight  and  pressure  air  meter  [5). 
It  i-  advantageous  to  utilize  both  methods,  as  any 
appreciable  difference  in  results  indicates  an 
and  may  lead  to  the  discovery  of  mistakes  in  mi.x 
design  computations  or  in  the  test  metho 

Using  the  measured  unit  weight,  the  actual  vol- 
ume of  the  hatch  in  example  1  was  calculated  to  he 

■  cubic  yard,  which  is  equal  to  1 5.45  cubic  feet 

The  volume  of  air  in  the  hatch  is  determined  In 
subtracting  the  volume  of  the  weighed  ingredients 

from    the    total    volume   of    the    hatch       The    per- 
centage of  entrained  air  is  calculated  by  dividing 
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the  volume  of  air  by  the  volume  of  the  batch  and 
multiplying  by  100,  or 

p  .     .       (15.45-14.98)  __ 

Percent  air=- ,  .  ,,. 100  =  3.0. 

15.45 

This  deficiency  in  air  content  accounts  for  the  high 
water  requirement  and  the  slightly  greater  weight 
of  ingredients  per  cubic  yard  as  compared  with  the 
unadjusted  trial  mix.  The  amount  of  agent  neces- 
sary to  produce  4%  percent  air  at  the  same  3-inch 

4.5 
slump  will  be  approximately  equal  to  -^->  or  150 

o 

percent  of  that  used  in  the  first  trial.  Table  F-4 
indicates  that  an  increase  of  1%  percent  of  en- 
trained air  will  allow  a  decrease  in  water  require- 
ment of  about  4  percent  to  maintain  a  3-inch 
slump.  The  corrected  unit  water  content  equals 
262  — (262X0.04)  =251  pounds  per  cubic  yard, 
which  value  is  close  to  the  original  estimate  for 
4/2  percent  air. 

The  corrected  value  for  air-entraining  agent 
should  result  in  concrete  having  the  desired  3-inch 
slump  and  4}<!  percent  air.     Figure  F-7  illustrates 


a  convenient  form  for  recording  trial  mix  data. 
The  data  presented  conform  to  the  trial  mix  in  the 
preceding  example  1. 

The  job  mix  should  not  be  adjusted  for  minor 
fluctuations  in  water-cement  ratio.  A  variation 
in  water-cement  ratio  of  plus  or  minus  0.02,  by 
weight,  resulting  from  maintenance  of  constant 
slump,  is  considered  normal. 

F-23.  Mixes  for  Small  Jobs. — For  small  jobs, 
where  time  and  personnel  are  not  available  to  de- 
termine the  proportions  in  accordance  with  the 
recommended  procedure,  mixes  in  table  F-10  will 
provide  concrete  that  is  amply  strong  and  durable 
if  the  amount  of  water  added  at  the  mixer  is  never 
large  enough  to  make  the  concrete  overwet.  These 
mixes  have  been  predetermined  in  conformity  with 
recommended  procedure  by  assuming  conditions 
applicable  to  the  average  small  job,  and  for  aggre- 
gate of  average  specific  gravity.  Three  mixes  are 
given  for  each  maximum  size  of  coarse  aggregate. 
Table  F-6  may  be  used  as  a  guide  in  selecting  an 
appropriate  maximum  size  of  aggregate.  Mix  B 
for  each  size  of  coarse  aggregate  is  intended  for  use 
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Figure  F-7.     Typical  trial  computations  for  concrete  mix. 
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a-  a  starting  mix  in  table  K  n>  If  tliis  mix  ia 
nndereanded,  change  t<>  mix  A.  or,  if  it  is  over- 
■anded,  change  i<>  mix  C,  Mote  thai  the  mixes 
listed  in  the  table  applj  where  the  sand  ia  drj 
If  the  Mind  i^  moisl  (.1  \n\  wet,  make  the  correc- 
tions in  hutch  weighl  preacribed  in  the  note 
The  approximate  cemenl   contenl   in  bags  per 


cubic  yard  of  concrete  liatad  in  the  table  will  be 
helpful  in  estimating  cement  requirement*  for  the 
job  These  requirements  are  based  on  concrete 
thai  has  ju-t  enough  water  in  it  t<>  permil  read) 
working  into  the  forms  without  objectionable 
separation.  Concrete  should  slide,  nol  run  uir 
a  shovel 


C.     MANUFACTURE,  PLACEMENT,  CURING,  AND  INSPECTION  OF  CONCRETE 


F-24.    Aggregate    Production    and    Control.       I  he 

control  of  production  and  handling  of  concrete 
aggregates  is  often  complicated  by  lack  of  uni- 
formity hi  sources  of  Buppl)  and  difficult)  in 
maintaining  uniformity  in  the  finished  production. 
It  is  a  problem  that  requires  the  constant  vigilance 
of  the  construction  engineer.  Deleterious  ma- 
terials are  ordinarily  removed  bj  washing.  Un- 
satisfactory grading  requires  corrections  by 
wasting  of  surplus  sizes  or  by  supplying  de- 
ficiencies, or  both.     Breakage  must  be  minimized 

and  the  moisture  content  of  the  aggregate  should 
he  kept  as  uniform  as  practicable. 

The  gradation  of  sand  as  it  comes  from  the  pit 
often  does  not  conform  to  the  specifications  and 
some   form   of  processing  is  required.      Defects  in 

grading  may  be  corrected  by  adding  bui table 
blending  -and,  by  crushing  a  portion  of  the  excess 
of  larger  sizes,  l>\  removing  portions  of  sizes 
presenl  in  excessive  amounts,  or  by  a  combination 
of  methods.  Wei  processing  is  more  prevalent 
than  dry  processing  for  this  purpose,  because  sand 
is  commonly  damp  as  it  is  excavated  from  the 
deposit 

Use  of  sand  manufactured  by  crushing  or  grind- 
ing rock  Or  gravel  may  result  ill  a  harsh  mix  and 
should  be  resorted  to  only  when  it  is  not  practi- 
cable to  obtain  suitable  natural  sand  at  reasonable 
OOSl  Since  the  angular  shape  of  crushed  sand  is 
its  only  disadvantage,  it  is  important  that  crush- 
ing machines  and  equipment  he  used  which  will 
produce  the  best  shape  of  particles  from  the 
material  to  he  crushed.  Sand  produced  hy  crush- 
ing in  rollers  is  generally  unsatisfactory  because  of 

the  high  percentage  of  thin  and  elongated  particles. 
The  product  of  a  rod  mill  is  much  better  in  this 
respect.  If  the  material  is  not  too  hard,  as  in  the 
case  of  limestone,  good  results  may  he  obtained 
with  equipment  of  the  impact   type,  more  com- 
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inmti  eydai  of  bMttni  tad  ihaartnj 

monl)  known  as  the  hammer  mill,  which  excels  in 

producing  particles  that  approach  a  cuhicle  shape. 
Natural   river   gravels   are   usually   well   shaped 

h\  stream  action,  and  satisfactory  coarse  ■■■■. 

with   the  desired  grading  can   he  produced   with  a 

minimum  of  plant  equipment.  However,  in  some 
cases  where  natural  coarse  aggregate  i-  not  eco- 
nomically available,  crushed   aggregate   i>  used. 

Although  the  shape  of  the  individual  particle-  is 
important,  it  is  not  so  critical  for  coarse  aggregate 
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as  it  is  for  sand.  Use  of  corrugated  roll  crushers 
to  produce  smaller  sizes  of  coarse  aggregate  and  of 
gyratory  crushers  to  produce  the  large  sizes  gen- 
erally results  in  the  least  amount  of  flat  and 
elongated  pieces.  Because  of  the  segregation  and 
breakage  which  results,  handling  should  be  kept 
to  a  minimum  during  stockpiling  operations. 
Figure  F-8  shows  correct  and  incorrect  methods 
of  stockpiling. 

Since  some  breakdown  of  materials  will  occur 
regardless  of  the  care  exercised  in  stockpiling,  it 
is  desirable  to  finish  screen  coarse  aggregates  at 
the  batch  plant  to  assure  production  of  uniform 
concrete.  It  is  recommended  that  this  require- 
ment be  specified  when  the  quantity  of  concrete 
exceeds  10,000  cubic  yards. 

Periodic  analysis  of  aggregate  materials  should 
be  made  to  determine  the  specific  gravity  and 
moisture  content  of  the  aggregate,  and  to  deter- 


2£ft 


PREFERABLE 

CRANE    OR  OTHER  MEANS  OF   PLACING 
MATERIAL    IN    PILE    IN   UNITS   WHICH    REMAIN 
WHERE    PLACED    AND    DO   NOT  RUN    DOWN 
SLOPES. 


OBJECTIONABLE 
METHODS   WHICH    PERMIT   THE  AGGREGATE 
TO   ROLL    DOWN    THE    SLOPE    AS    IT  IS  ADDEO 
TO  THE   PILE.  OR    PERMIT  HAULING   EQUIPMENT 
TO  OPERATE   OVER  THE    SAME   LEVEL  REPEAT- 
EDLY. 


IB'.'    IM- 


PERMISSIBLE   BUT    NOT    PREFERABLE 
PILE    BUILT    RADIALLY    IN    HORIZONTAL  BULLDOZER    STACKING    PROGRESSIVE   LAYERS 

LAYERS  BY  BULLDOZER    WORKING    FROM    MAT-        ON   SLOPE   NOT    FLATTER  THAN  3:  I. 
ERIALS    AS    DROPPED  FROM    CONVEYOR  BELT. 
A  ROCK   LADDER  MAY  BE  NEEDED  IN    THIS 
SETUP. 

STOCKPILING     OF    COARSE      AGGREGATE 
(STOCKPILED    AGGREGATE    SHOULD    BE  FINISH     SCREENED    AT    BATCH    PLANT) 


CORRECT 
CHIMNEY  SURROUNDING  MATERIAL  FALL- 
ING FROM  END  OF  CONVEYOR  BELT  TO  PRE- 
VENT WIND  FROM  SEPARATING  FINE  AND 
COARSE  MATERIALS.  OPENINGS  PROVIDED 
AS  REQUIRED  TO  DISCHARGE  MATERIALS  AT 
VARIOUS  ELEVATIONS    ON  THE   PILE. 


SEPARATION 


FREE  FALL  OF  MATERIAL  FROM  HIGH 
END  OF  STACKER  PERMITTING  WIND  TO 
SEPARATE    FINE    FROM    COARSE    MATERIAL. 


SAND   OR    COMBINED    AGGREGATE     STORAGE 

(  DRY    MATERIALS  ) 


Figure  F-8.     Methods  of  stockpiling  aggregates. 


mine  the  relative  percentages  of  the  various  size 
fractions.  The  frequency  of  these  tests  should  be 
sufficient  to  assure  that  the  aggregates  are  in 
accordance  with  specifications  requirements. 

F-25.  Batching  Methods  and  Facilities  at  Concrete 
Mixing  Plants. — In  order  that  full  advantage  of 
accurate  weight  batching  may  be  realized,  the 
weighed  materials  must  be  properly  and  carefully 
handled  to  the  end  that  batches  reaching  the 
mixer  will  be  uniform  and  complete  when  released 
by  the  measuring  equipment. 

Tilting  mixers  are  generally  more  efficient  than 
other  types  because  they  can  be  discharged  quickly 
with  a  minimum  of  segregation.  Regardless  of 
the  type  of  mixer,  to  maintain  efficiency  the  mixing 
blades  should  be  properly  spaced,  inspected  fre- 
quently, and  repaired  when  worn,  and  the  interior 
of  the  drum  should  be  kept  clean  and  free  of 
deposits  of  hardened  concrete  or  mortar. 

More  attention  and  effort  are  usually  required 
to  obtain  uniform  slump  and  mix  proportions  at 
minimum  water  content  from  truck  mixers  than 
from  stationary  mixers.  There  is  often  consider- 
able slump  loss  in  truck-mixed  concrete,  especially 
in  warm  weather.  Such  loss  can  be  kept  to  a 
minimum  by  stopping  initial  mixing  at  about  30 
revolutions  and  by  avoiding  overmixing.  Other 
precautions  which  can  be  taken  in  warm  weather 
are  as  follows: 

(1)  Mixer  drums  should  be  painted  white  and 
kept  white. 

(2)  Materials  should  be  kept  as  cool  as  practi- 
cable by  shading  and  by  light  spraying  to  promote 
evaporative  cooling. 

(3)  Water  should  be  as  cold  as  practicable  and 
kept  cold  by  shading  and  by  painting  tanks  and 
surface  lines  white. 

(4)  Delays  prior  to  the  discharge  and  placement 
of  the  concrete  should  be  avoided  by  organizing 
the  work  for  prompt  handling. 

F-26.  Production  of  Quality  Concrete. — The  as- 
surance of  uniform  and  economical  concrete  is 
largely  dependent  on  inspection  at  the  batching 
and  mixing  plants.  Mix  adjustments  are  made, 
using  results  of  gradation  and  moisture  tests  of 
aggregates.  Fresh  concrete  is  tested  for  con- 
sistency, temperature,  air  content,  and  unit 
weight,  and  concrete  cylinders  are  made  for  com- 
pressive strength  tests.  The  frequency  of  sam- 
pling and  testing  the  concrete  will  vary  with  the 
type  and  size  of  job.     In  general,  it  will  be  suffi- 
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cirii (  to  sample  and  tosl  each  class  of  concrete 
once  during  each  shift  The  samples  Bhould  be 
representative  of  materials  used  and  concrete 
placed  during  thai  shift 

F  —27.  Preparations  Preliminary  to  Placing.  Be- 
fore concrete  is  ordered  for  placing,  adequate 
inspection  should  l>c  performed  to  insure  that: 
i  Foundations  are  properly  prepared  and  read} 
t.»  receive  the  concrete,  (2)  construction  joints  are 
free  from  defective  concrete  and  clean.  (3)  forms 
ire  grout-tight,  amply  Btrong,  and  set  to  line  and 
grade,  (4)  all  reinforcement  steel  and  embedded 

parts    arc    clean,    in    their    correct     position,    and 

securely  held  in  place,  and  (5)  adequate  con- 
creting equipment  and  facilities  arc  on  the  job, 
read)  to  go,  and  capable  of  completing  the  place- 
ment without  additional  unplanned  construction 
joints.  Detailed  requirements  for  these  items  are 
given   in   the  Concrete  Specifications   portion  of 

appendix  ( i 

F-28.    Transporting.      1">  en     though     concrete     is 

carefull)  designed  and  properly  mixed,  its  quality 
may  be  seriously  impaired  by  use  of  improper  or 
careless  methods  in  transporting  and  placing. 
Buckets,  when  designed  for  the  job  conditions  and 

properly  operated,  are  a  satisfactory  means  for 
handling  and  placing  concrete.  They  are  not, 
however,  to  be  used  where  they  have  to  he  hauled 
so  far  by  truck  or  railroad  that  there  will  he  no- 
ticeable separation  or  bleeding  due  to  settlement, 
or  there  will  be  a  loss  of  slump  greater  than  1  inch. 

Dumpcrete  trucks  arc  convenient  for  the  dis- 
tribution of  concrete  from  a  central  mixer  to  small 
and  medium  Bize  structures.  Care  must  be  taken 
to  avoid  segregation  during  the  filling  and  dis- 
charging of  these  units.  No  free  water  should  be 
on  the  surface  of  the  concrete  as  delivered,  nor 
should  there  be  an  objectionable  amount  of  settle- 
ment of  coarse  aggregate  or  caking  at  the  bottom 
of  the  load.  Such  stratification  or  settlement  can 
be  reduced  considerably  by  use  of  agitator  bodies 
mounted  on  trucks,  or  preferably  by  mixing  the 
concrete  near  the  point  of  placement  in  portable 
mixers  which  are  supplied  by  dry-batch  trucks. 

As   ordinarily    used,    chutes    are    unsatisfactory 
devices    for    transporting    concrete    because    they 
result  in  objectionable  segregation  and  slump  lo 
To  avoid  these  conditions,  the  following  require- 
ments must  be  fulfilled: 

(1)    The   chute    must    be    on    a    -dope   sulli- 
cicntk  steep  to  handle  concrete  of  the  leas! 

SSttMO     SO        M 


-lump  that   can  be  worked  and  vibrated,  and 

must  be  supported  so  that  the  slope  will  be 
constant  for  varj  ing  loads 

If  more  than  a  few  feet  long,  the  chute 
must  be  ;  d  from  wind  and  BUn  in  order 

to  present  slump  lo— 

Effective  end  control  that  will  produce 

a  vertical  drop  and  prevent  separation  of  the 

concrete  ingredients  must  be  pros  ided,  prefer- 
ably in  the  form  of  two  sections  of  metal  diop 
chutes,  a-  show  n  in  figUJ 

i     Wnli   pneumatic   methods,   separation 

of  coarse  aggregate  w  ill  result  from  the  impact 
of    violently    discharged    concrete    unless    the 
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COON  I •       - 

rubber  scraper 


. 


NO    S!««»I.0« 
MOOT** 


CORRECT 

THE     ABOVE    ARRANGEMEX' 
VENTS    SEPARATION    OF    CONCRETE 
«»[!«[«     IT    IS    BEING    DISCHARGED 
INTO    HOPPERS, BUCKETS, CARS.TRUCK3, 
OR    FORMS. 


- 

INCORRECT 

MPROPIB    OR    COMPLETE    LACK  0» 
CONTROL    AT     (ND    0»    MLI 
BAFFLE    OR 
HOPPER     MERELT      CHANG! 
DIRECTION     OF     SEPARATION 


CONTROL    OF   SEPARATION    OF  CONCRETE    AT    THE 
END    OF    CONVEYOR    BELT 


place  baffle  and  drop  at 
end  of  chute  so  that  separation 
is  avoided  ano  concrete  remains 

ON    SLOPE. 


TO  DISCHARGE  CONCRETE  from 
A  FREE  END  CHUTE  ON  A  SLOPE  TO 
BE  PAVEO  ROC«  IS  SEPARATED  AND 
GOES     TO    BOTTOM    OF     SLOPE 

VELOCITY  TENOS  TO  CARRY  CORi- 
CRETE     DOMN   SLOPE 


PLACING    CONCRETE    ON    A    SLOPING    SURFACE 


:  PROVil- 
inch  MM  v    b 
HEAOROOM 
FOR   DORNPiPE 


■•       ji;«;-    /, 


CORRECT 

-HOVE     ARRANGEMENT    PRE- 
VENTS  SEPARATlON.NO    MATTE*  HO* 
h£R  CONCRETE 
IS    BEING    DISCHARGED   'NTO  HOPPERS. 
CARS, TRUCKS,  OR   FORMS 


OR  R  E  CT 

IMPROPER   OR    LACK  OF  CONTROL 
AT     (NO    OF    ANT    CONCRETE    CHUTE. 
NO  MATTER    HOR    IM 

usuallt    a  ba<  i 

direction  o»  seph- 


CONTROL  OF  SEPARATION  AT  THE  END  OF  CONCRETE   CHUTES 

THIS    APPLIES    TO  SLOPING    Dl ' 
AS    «ELL   AS    TO    L0N4E*  10T    RHEN     CONCRETE     II     0ISC-- 

INTO      ANO'"  R    ONTO     A     CONvE'O*     Mil 

Figurt  F-9.      Methods  of  handling  concrete  at  endi  of  conveyors 
and  chutes. 
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CORRECT 

START    PLACING   AT    BOTTOM   OF 
SLOPE     SO     THAT     COMPACTION 
IS    INCREASED    BY    WEIGHT    OF 
NEWLY    ADDED    CONCRETE. 

VIBRATION    CONSOLIDATES. 


I  NCORRECT 

TO  BEGIN  PLACING  AT  TOP  OF 
SLOPE.  UPPER  CONCRETE  TENDS 
TO  PULL  APART,  ESPECI  ALLY 
WHEN  VIBRATED  BELOW, AS  VIBRA- 
TION STARTS  FLOW  AND  REMOVES 
SUPPORT     FROM    CONCRETE    ABOVE. 


WHEN      CONCRETE       MUST      BE      PLACED      IN 
A      SLOPING      LIFT 


A^JLX 


.!*:■/ 


COR  RECT 

VERTICAL  PENETRATION  OF 
VIBRATOR  A  FEW  INCHES  INTO 
PREVIOUS  LIFT  (  WHICH  SHOULD 
NOT  YET  BE  RIGID)  AT  SYSTEM- 
ATIC REGULAR  INTERVALS 
FOUND  TO  GIVE  ADEQUATE 
CONSOLIDATION. 


I  NCORR  ECT 

HAPHAZARD  RANDOM  PENETRA- 
TION OF  THE  VI  BRATOR  AT  ALL 
ANGLES  AND  SPACINGS  WITHOUT 
SUFFICIENT  DEPTH  TO  ASSURE 
MONOLITHIC  COMBINATION  OF 
THE     TWO     LAYERS. 


SYSTEMATIC      VIBRATION     OF    EACH      NEW     LIFT 


. _ 

CORRECT 


SHOVEL  ROCKS  FROM  ROCK 
POCKET  ONTO  SOFTER,  AMPLY 
SANDED  AREA  AND  TRAMP  OR 
VI  B  R  ATE. 


I NCORRECT 

ATTEMPTING  TO  CORRECT 
ROCK  POCKET  BY  SHOVELING 
MORTAR  AND  SOFT  CONCRETE 
ON     IT. 


TREATMENT     OF    ROCK     POCKET     WHEN     PLACING 
C  ONCRETE 

Figure  F-10.     Methods  of  vibrating  and  working  of  concrete. 

end  of  the  discharge  line  is  always  buried  in 
fresh  concrete.     Specifications  should  there- 
fore require  that  pneumatic  equipment  used 
in  placing  concrete  be  such  as  to  permit  intro- 
duction of  the  concrete  into  the  forms  without 
high-velocity  discharge.     A  further  objection 
to  the  pneumatic  method  is  a  loss  of  slump 
which  occurs  in  the  shooting  process.     Slump 
losses  as  great  as  3%  inches  between  mixer  and 
forms  have  been  observed  and  a  loss  of  2  to  3 
inches  is  not  uncommon. 
Pumping  through  steel  pipelines  is  one  of  the 
most  satisfactory  methods  of  transporting  con- 
crete where  space  is  limited,  such  as  in  tunnels, 
bridge    decks,    powerhouses,    and   buildings.     Al- 
though pump  lines  longer  than  1,000  feet  are  not 
recommended,  concrete  has  been  pumped  through 
straight,  horizontal  pipe  under  the  most  favorable 
conditions  as  far  as  1,300  feet.     Curves,  lifts,  and 


harsh  concrete  material  reduce  the  maximum 
pumping  distance.  For  example,  a  90°  bend  is 
equivalent  to  about  40  feet  of  straight,  horizontal 
line,  and  each  foot  of  head  is  equivalent  to  about 
8  feet  of  line.  Although  manufacturers  rate  their 
largest  equipment  as  capable  of  handling  concrete 
containing  aggregate  up  to  3  inches  in  size,  experi- 
ence indicates  that  operating  difficulties  will  be 
materially  lessened  if  the  maximum  size  of  aggre- 
gate pumped  through  such  equipment  is  limited 
to  2%  or  2%  inches.  A  pump  will  make  good  prog- 
ress handling  concrete  with  a  slump  of  3  to  4 
inches  and  containing  2  to  3  percent  more  sand 
than  required  for  concrete  to  be  transported  and 


OF  SPREADING 


w* 


« — I 


■   '''■  :"_r" T— r- 

CORR  ECT 
TURN    BUCKET  SOTHAT    SEPARATED 
ROCK    FALLS   ON    CONCRETE   WHERE   IT 
MAY  BE  READILY    WORKED   INTO   MASS. 


ROCK  POCKETS 
FORM  AT  BOTTOM 
OF  SLAB 


I  N  COR  R  E  CT 
DUMPING  SO  THAT  FREE   ROCK  ROLLS 
OUT  ON    FORMS  OR    SUBGRADE. 


DISCHARGING       CONCRETE 


CORRECT  IN CORR  ECT 

DROPPING  CONCRETE    DIRECTLY  OVER  DROPPING    CONCRETE    ON   SLOPING 

GATE   OPENING.  SIDES    OF   HOPPER. 

FILLING    CONCRETE  HOPPERS    OR    BUCKETS 


CHUTE . ETC 


LONGITUOINALLY- 
OPENING    LONG 
NARROW    DOUBLE 
GATE 


INCORRECT 


CORRECT 
THE  ABOVE  ARRANGEMENT  SHOWS 
A  FEASIBLE  METHOD  IF  A  DIVIDED 
HOPPER  MUST  BE  USED.  (SINGLE 
DISCHARGE  HOPPERS  SHOULD  BE 
USED    WHENEVER     POSSIBLE.) 

DIVIDED      CONCRETE     HOPPERS 


ERTICAL    DROP 


FILLING  OIVIDED  HOPPER  AS 
ABOVE  INVARIABLY  RESULTS  IN 
SEPARATION  AND  LACK  OF  UNI- 
FORMITY IN  CONCRETE  DELIVERED 
FROM    EITHER    GATE. 


CORRECT 


INCORRECT 


DISCHARGE  FROM  CENTER  OPEN- 
ING PERMITTING  VERTICAL  DROP  INTO 
CENTER  OF  BUGGY.  ALTERNATE  APP- 
ROACH FROM  OPPOSITE  SIDES  PERMITS 
AS  RAPID  LOADING  AS  MAY  BE  OBTAINED 
WITH  OBJECTIONABLE  DIVIDED  HOPPERS 
HAVING  TWO  DISCHARGE  GATES. 
DISCHARGE    OF    HOPPERS     FOR     LOADING     CONCRETE     BUGGIES 


SLOPING     HOPPER    GATES    WHICH 
ARE    IN     EFFECT     CHUTES     WITH- 
OUT    END      CONTROL     CAUSING 
OBJECTIONABLE     SEPARATION 
IN    FILLING    THE     BUGGIES. 


Figure  F-11.     Methods  of  handling  concrete  with  buckets,  hop- 
pers, and  buggies. 
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placed  bj  gravit}  methods.     Normal  rated  capac- 
ities range  from  15  to  65  cubic  yards  per  hour. 

F-29.  Placing.  Properly  placed  concrete  is  free 
of  segregation  and  the  mortar  is  intimate!}  in 
contact  with  the  coarse  aggregate,  the  reinforce 
men  I  and  other  embedded  parts,  [f  an}  one  detail 
of  the  placing  inspector's  man}  duties  deserves 
special  emphasis,  il  is  thai  of  guarding  against 
objectionable  ation  during  concrete  place- 

ment. Separation  of  coarse  aggregate  from  the 
mortal  may  be  minimized  by  avoiding  or  controlling 
the  lateral  movemenl  of  concrete  during  handling 
and  placing  opera!  ions  as  illustrated  in  figures  I  B 
K  in.  and  F  il.  Tin'  concrete  should  !>••  de- 
posited as  nearl}  as  practicable  in  its  final  position. 
Placing  methods  which  cause  the  concrete  t<»  How 
in  the  forms  should  In1  avoided.  These  methods 
result  in  concentrations  of  less  durable  mortar  in 
the  ends  of  walls  and  corners*  heredurabilit}  is  most 
important  ami  encourage  the  use  of  a  mix  that  is 
wetter  than  necessary.  The  concrete  should  be 
placed  in  horizontal  layers  and  each  layer 
thoroughl}  vibrated.  Practicable  depths  of  layers 
for  structural  concrete  range  from  12  to  20  inches. 

Hoppers  for  drop  chutes  should  have  throat 
Openings  of  sufficient  area  to  readily  pass  concrete 
of  the  lowest    slump   that    is   practicable   to   work 


DROP  CHUTE 
BUILT  INTO 
FORMS 


DROP    CHUTE 
TO  MOVEABLE 
POCKET  OR 
OPENING  IN 
FORM 


-   o  X 

3  X 

a  o  o 


N     Q.*  O 

2* 


CORRECT 

DROP  CONCRETE 
VERTICALLY  INTO 
OUTSIDE  POCKET 
UNDER  EACH  FORM 
OPENING  SO  AS  TO 
LET  CONCRETE  STOP 
AND  FLOW  EASILY 
OVER  INTO  FORM 
WITHOUT  SEPARATION 


INCORRECT 

TO  PERMIT  HIGH 
VELOCITY  STREAM 
OF  CONCRETE  TO 
ENTER  FORMS  ON  AN 
ANGLE  FROM  THE 
VERTICAL  THIS  IN- 
VARIABLY RESULTS 
IN    SEPARATION. 


CORRECT 

NECESSARILY 
WETTER    CONCRETE 
AT    BOTTOM  OF   DEEP 
NARROW    FORM    MADE 
DRIER   AS    MORE    ACC- 
ESSIBLE  LIFTS   NEAR 
TOP    ARE    REACHED. 
WATER    GAIN   TENDS 
TO    EQUALIZE    QUAL- 
ITY   OF    CONCRE  T  E 
SETTLEMENT  SHRINK- 
AGE    IS     MINIMUM. 


and  vibrate.  If  drop  chute-,  me  discharged 
direct  I  \  through  form  ports,  considerable separal  ion 
results  ami  rock  pockets  ami  honeycombs  will 
probabl}  be  formed  Provision  for  an  outside 
pocket  below  each  port  as  shown  in  figure  K  L2 
will  check  the  full  nf  the  concrete  and  permit  it  to 

Mow    in   the  form   with   a  minimum  of  separation 

Concrete  for  the  top  2  feet  of  walls,  piers,  and 
columns  should  he  of  the  lowest  slump  that  can 
he  adequatel}  vibrated.  After  initial  vibration, 
the  concrete  should  be  left  for  i  or  2  hours  to  settle 

and  complete  the  bleeding  process.      The  surfs 
should  then  In-  topped  oil"  with  additional  concrete 
as  required  ami  the  top  2  feet  revibrated  to  close 
bleeding  channels 

When  placing  an  unformed  slab  on  a  slope,  there 
is  a  tendenc}   to  place  the  concrete  using  a  siiir 

mi\  that  will  not  slough.  Drill  cores  have  shown 
that    the    placement    of   such    low -slump    concrete 

without  thorough  vibration  usuall}  results  in  con- 
siderable honeycombing  on  the  underside.  To 
avoid  such  results,  the  consistenc}  for  this  purp 
should  not  he  Btiffer  than  a  2%-inch  slum)).  Con- 
crete with  this  consistency  will  bare!}  Bta}  on  the 
slope,  hut  it  should  not  he  drier.     After  spreadi 

the  concrete  should  he  thoroughly  and  Systemati- 
cally vibrated,  preferably  just  ahead  of  a  weighted 


INCORRECT 
TO   USE    SAME 

SLUMP  AT  TOP  AS 
REOUIRED  AT  BOT- 
TOM OF  LIFT.  HIGH 
SLUMP  AT  TOP  RE- 
SULTS IN  EXCESSIVE 
WATER  GAIN  WITH 
RESULTANT  DIS- 
COLORATION. LOSS 
OF  OUALI  T  Y,  ANO 
DURABILITY  IN  THE 
UPPER    LAYER. 


CORRECT 


DISCHARGE  CON- 
CRETE INTO  LIGHT 
HOPPER  FEEDING 
INTO  LIGHT  FLEXIBLE 
DROP  CHUTE  SEPARA- 
TION IS  AV0IDE0 
FORMS  AND  STEEL 
ARE  CLEAN  UNTIL 
CONCRETE  COVERS 
THEM. 

PLACING     CO 
OF     N  AR 


NCORRECT 


TO  permit  CONCnCTE 
from  chute  or  buggy 
to  strike  against 
form  ano  ricochet 

ON    BARS  AND    FORM 
FACES  CAUSING   SEP- 
ARATION ANO   HONEY- 
COMB AT  THE   BOTTOM 


NCRETE     IN     TOP 
ROW      FORM 


■     >         -t—  — r-  —i  *— -  •n 1 . 


PLACING     IN    DEEP     NARROW 
WALL    THRU     PORT    IN     FORM 


CONSISTENCY     OF    CONCRETE 
IN    DEEP    NARROW     FORMS 


CORRECT 
TO   DUMP  CONCRt'E 
INTO    FACE    OF   CON 
CRETE    IN    PLACE. 


INCORRECT 
TO   DUMP  CONCRETE 
AWAY    (ROM 
IN     PL  ACE 


PLACING  SLAB  CONCRETE 
FROM   BUGGIES 


Figure  F-12.      Placing  concrete  in  formi 
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steel-faced  slipform  screed  working  up  the  slope 
as  shown  in  figure  F-13. 

F-30.  Curing. — Early  drying  must  be  prevented 
or  concrete  will  not  reach  its  full  potential  quality. 
In  warm,  dry,  windy  weather,  corners,  edges,  and 
surfaces  become  dry  very  quickly.  If  these  por- 
tions are  prevented  from  drying  so  as  to  fully 
develop  their  hardness,  it  is  certain  that  interior 
portions  of  the  concrete  will  be  adequately  cured. 
Wet  burlap  in  contact  with  the  concrete  is  excellent 
for  curing  purposes.  It  not  only  shades  the  con- 
crete, but  it  also  holds  the  moisture  needed  for 
good  curing.  Wood  forms  left  in  place  furnish 
good  protection  from  the  sun,  but  will  not  keep 
the  concrete  sufficiently  moist  for  good  curing  of 
outdoor  concrete.  There  is  no  better  curing  than 
that  provided  by  well-moistened  backfill.  Pond- 
ingof  floors,  pavement,  and  other  slabs  also  provides 
excellent  curing  and  reduces  crazing,  cracking, 
and  wear. 

Where  water  is  not  economically  available,  it  is 


often  desirable  to  cure  concrete  by  applying  to  the 
exposed  surfaces,  immediately  after  form  removal, 
a  sealing  compound  designed  to  restrict  evapora- 
tion of  the  mixing  water.  An  effective  compound, 
properly  applied,  will,  under  most  conditions, 
retain  enough  moisture  for  adequate  curing. 


For  placing  unformed   concrete 
on  slopes  slipform  screed 
should   be  steel  faced, 
weighted  and  unvibrated. 
Concrete  should  be  vibrated 
ahead  of  slipform . 


Unvibrated 
concrete-, 

Immersion 
type  vibrator. 


'-2"x4"  Side 
form 

If  a  pipe  stiffener 
s  used  over  the  bridle  rope 
the   slip  form  will    move 
more  evenly  up  the   slope 


-No  shoes  at  riding  ends  as  form 
rides  high  when  grovel  gets  under 
shoes,  keep  riding   edges    sharp. 


Vibrated 
concrete 
surface- 


Figure  F-13.     Placing  unformed  concrete  on  slopes. 
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«    Appendix    G 


Sample  Specifications 

N    F    LARKINS  AND  E    R    LEWANDOWSKI  ■ 


G_1 .  Introduction.  Designs  are  based  <>n  as- 
sumptions regarding  the  quality  of  work  which 
will  be  obtained  during  construction,  It  is 
through  the  means  of  specifications  that  the 
assumed  quality  is  described,  and  ii  is  important 
ilmt  conformance  to  the  specifications  be  obtained 
for  all  work. 

Tins  appendix  includes  specifications  for  the 
various  items  of  work  and  structure  components 
whose  designs  are  treated  in  this  text,  For  the 
construction  of  a  particular  dam,  these  specifica- 
tions would  have  to  he  supplemented  bj  descrip- 
tions <>f  items  for  payment,  description  ami  classi- 


fication of  concrete  item-,  and  by  specifications 
for  other  work  such  as  painting,  installation  <>f 
equipment  and  metalwork,  etc  Not  all  of  the 
specifications  included  herein  are  applicable  for 
any  one  dam  as  they  cover  alternative  methods  and 
u  wide  variety  of  construction  details,  not  all  of 

which  would  he  performed  it  I  an\   one  site. 

These  specifications  are  abstracted,  with  Blight 
modifications,  from  guide  specifications  normaUy 
used  by  the  Bureau  of  Reclamation.  The  desig- 
nation "contracting  authority"  a-  used  in  these 
specifications  applies  to  the  owner  of  the  dam  or 
his  authorized  representative,  as  appropriate 


A.     EXCAVATION 


G-2.    Clearing.       The    areas    to    he   occupied    hy 
the   permanent    const  ruct  ion   required   under  these 

specifications  and  the  surfaces  of  all  borrow  pits 
'(and  stockpile  sites)  where  in  the  judgment  of 

the  contracting  authority,  clearing  is  necessary, 
shall  he  cleared  of  all  trees.  stumps,  roots,  brush, 
rubbish,  and  other  objectionable  matter. 
*  \\  aste-pile  site-  in  disposal  areas  shall  he  cleared 
of  all  trees  and  hrush  as  directed.)  Such  mate- 
rials from  clearing  operations  shall  become  the 
property  of  the  contractor  and  shall  he  burned, 
removed  from  the  site  of  the  work  before  the  date 
of  completion,  or  otherwise  disposed  of  as  ap- 
proved. No  trees  shall  he  cut  outside  of  area- 
mentioned  above  without  specific  approval,  and 
all  trees  designated  by  the  contracting  authority 

1  Engineer.    CoOi  ■  "ry    Branch,   rod    BngtDMr, 

BtCtlon,  lliirr.ii!  of  Krrhim.itinii 

•hvvi>4-  ..r  deltU  i-  tppropi 


shall  be  protected  carefully  from  damage  by  the 

contractor's  construction  operation-  All  mate- 
rials to  be  burned  shall  be  piled  neatly  and  when 

in  suitable  condition  -hall  he  burned  completely. 
Piling  for  burning  shall  he  done  iii  Buch  manner 

and  in  such  locations  as  to  cause  the  least  fire 
risk.      Burning  shall    he   done   at    BUCh    tune-   and 

under  such  regulations  a-  *  proper  Federal  Forest 

Service  officials  will  direct  *(inay  he  approved 
by   the  contracting  authority    iii   accordance   with 

the  applicable  laws  of  .     All  burn- 

ing -hall  he  -o  thorough  that  the  material-  an' 
reduced  to  ashes.  The  contractor  shall  at  all 
times  take  Bpecial  precaution-  lo  prevent   tire  from 

spreading  to  area-  beyond  the  limits  of  the  cleared 

area-  and  shall  have  available  at  all  time-  -uitahle 

equipment  and  supplies  for  use  in  preventing  and 
Buppressing  fires 
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The  cost  of  clearing  shall  be  included  in  the 
unit  prices  bid  in  the  schedule  for  the  various 
items  of  work. 

G-3.  Classification  of  Excavation.2 — Except  as 
otherwise  provided  in  these  specifications,  mate- 
rial excavated  will  be  measured  and  classified  in 
excavation,  to  the  lines  shown  on  the  drawings  or 
as  provided  in  these  specifications,  and  will  be 
classified  for  payment  as  follows: 

(a)  Rock  Excavation. — Rock  excavation  includes 
all  solid  rock  in  place  which  cannot  be  removed 
until  loosened  by  blasting,  barring,  or  wedging 
and  all  boulders  or  detached  pieces  of  solid  rock 
more  than  1  cubic  yard  in  volume.  Solid  rock 
under  this  class,  as  distinguished  from  soft  or  dis- 
integrated rock  under  common  excavation,  which 
also  required  blasting  before  removal,  is  defined 
as  sound  rock  of  such  hardness  and  texture  that 
it  cannot  be  loosened  or  broken  down  by  hand- 
drifting  picks.  No  material,  except  boulders  or 
detached  pieces  of  solid  rock,  will  be  classified  as 
rock  excavation,  which  is  not  actually  loosened 
by  blasting  before  removal,  unless  blasting  is  pro- 
hibited and  barring,  wedging,  or  similar  methods 
are  prescribed  by  written  order  of  the  contracting 
authority. 

(b)  Common  Excavation. — Common  excavation 
includes  all  material  other  than  rock  excavation, 
including,  but  not  restricted  to  earth,  gravel,  and 
also  such  hard  and  compact  material  as  hardpan, 
cemented  gravel,  and  soft  or  disintegrated  rock, 
which  cannot  be  removed  efficiently  by  excavat- 
ing machinery  until  loosened  by  blasting;  also  all 
boulders  or  detached  pieces  of  solid  rock  not 
exceeding  1  cubic  yard  in  volume. 

No  additional  allowance  above  the  unit  prices 
bid  in  the  schedule  for  excavation  will  be  made 
on  account  of  any  of  the  material  being  wet  or 
frozen. 

The  contracting  authority's  representative  and 
contractor  or  the  contractor's  representative  shall 
be  present  during  classification  of  material  exca- 
vated. On  written  request  of  the  contractor,  made 
within  10  days  after  the  receipt  of  any  monthly 
estimate,  a  statement  of  the  quantities  and  classi- 
fications of  excavation  between  successive  stations 
or  in  otherwise  designated  locations  included  in 
said  estimate  will  be  furnished  to  the  contractor 
within  10  days  after  the  receipt  of  such  request. 

2  When  excavations  are  not  classified  for  payment  use  sec.  G-4. 
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This  statement  will  be  considered  as  satisfactory 
to  the  contractor  unless  specific  objections  thereto, 
with  reasons  therefor,  are  filed  with  the  contract- 
ing authority,  in  writing,  within  10  days  after  re- 
ceipt of  said  statement  by  the  contractor  or  the 
contractor's  representative  on  the  work.  Failure 
to  file  such  written  objections  with  reasons  therefor 
within  said  10  days  shall  be  considered  a  waiver  of 
all  claims  based  on  alleged  erroneous  estimates  of 
quantities  or  incorrect  classification  of  materials 
for  the  work  covered  by  such  statement. 

G-4.  Classification  of  Excavation  (Alternate).3— 
Materials  excavated  will  not  be  classified  for  pay- 
ment. Except  as  otherwise  provided  in  these 
specifications,  material  excavated  will  be  measured 
in  excavation,  to  the  lines  shown  on  the  drawings 
or  as  provided  in  these  specifications,  and  all  ma- 
terials so  required  to  be  excavated  will  be  paid  for 
at  the  unit  prices  per  cubic  yard  bid  in  the  schedule 
for  excavation.  No  additional  allowance  above  the 
unit  price  bid  in  the  schedule  will  be  made  on  ac- 
count of  any  of  the  material  being  wet  or  frozen. 
Bidders  and  the  contractor  must  assume  all  re- 
sponsibility for  deductions  and  conclusions  as  to 
the  nature  of  the  materials  to  be  excavated  and  the 
difficulties  of  making  and  maintaining  the  required 
excavations. 

4  Where  the  terms  "rock"  and  "rock  excavation" 
and  "common"  and  "common  excavation"  are 
used  in  these  specifications  the  following  defini- 
tions shall  apply: 

(a)  Rock  Excavation. — Rock  excavation  includes 
all  solid  rock  in  place  which  cannot  be  removed 
until  loosened  by  blasting,  barring,  wedging,  and 
all  boulders  or  detached  pieces  of  solid  rock  more 
than  1  cubic  yard  in  volume.  Solid  rock  under  this 
class,  as  distinguished  from  soft  or  disintegrated 
rock  under  common  excavation,  which  also  re- 
quired blasting  before  removal,  is  defined  as  sound 
rock  of  such  hardness  and  texture  that  it  cannot 
be  loosened  or  broken  down  by  hand-drifting  picks. 
No  material,  except  boulders  or  detached  pieces  of 
solid  rock,  will  be  classified  as  rock  excavation, 
which  is  not  actually  loosened  by  blasting  before 
removal,  unless  blasting  is  prohibited  and  barring, 
wedging,  or  similar  methods  are  prescribed  by 
written  order  of  the  contracting  authority. 


3  When  excavated  materials  are  classified  for  payment  use  sec.  Q-3. 
1  Delete  the  remainder  of  sec.  G-4  if  the  terms  "rock"  and  "common"  arc 
not  used  in  the  specifications. 
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(b)  Common  Excavation  Common  excavation 
includes  nil  material  other  than  rock  excavation; 
including,  but  no  I  restricted  to  earth,  gravel,  and 
also  bucH  hard  and  compact  material  as  hard  pan, 
nun  niiil  gravel,  and  soft  or  disintegrated  rock, 
which  cannot  be  removed  efficiently  by  excavating 
machinen  until  loosened  l>\  blasting;  also  nil 
boulders  or  detached  pieces  <>f  solid  rock  no!  ex 
reeding  I  cubic  yard  in  volume. 

G-5.    Definitions  of  Materials.       *i  Material- exca 

rated  will  nol  be  classified  for  payment.)  Foi 
purposes  of  these  specifications  *  (other  than  for 
payment)  materials  <»f  earthwork  and  embank- 
ment construction  are  defined  in  detail  as  follow.-,; 

Rock  A  solid  muss  of  mineral  material, 
exceeding  I  cubic  yard  in  volume,  of  such  hardness 
and  texture  thai  it  cannot  be  broken  down  with  a 
hand-drifting  pick. 

(I>)  Common  Material.  All  earth  materials 
which  do  not  meet  the  requirements  of  rock  as  de- 
fined in  (a )  above. 

(  lutlk  (('hulk  Rock)  \  materia]  of  variable 
hardness  consisting  <>f  a  consolidated  aggregation 
of  very  fine  particles,  mainly  calcium  carbonate, 

which  is  usually  huff  in  color  hut  which  max  range 
from  w  hit r  to  dark  gray. 

ShaU,      A  consolidated,  partially  laminated, 

fine-grained  material  having  a  tendency  to  split 
along  lamina) ion  or  bedding  planes.     It  may  range 

from  a  clay-like  material  which  u  hen  cut  or  scraped 
with  a  knife  produces  a  slick  surface  with  shiny 
appearance,  to  a  partially  cemented  material 
which,  although  it  can  he  scratched  with  a  knife, 
can  he  cut  only  with  difficulty  and  produce-  a  dull. 

fine-grained  surface 

(e)  Tuff,     A    material   composed   of   the   finer 

kinds  of  volcanic  detritus,  usually  more  or  less 
stratified,  and  in  various  slates  of  consolidation  or 
induration. 

(f)  Soil  <  'ompoto  nts. 

(1)  Clay.  Plastic  -«>i|  which  passes  a 
United  States  Standard  .No.  200  sieve. 

-    Silt.     Nonplastic  sod   which   passes  a 

United   States  Standard    No.   200  Bieve 

(.i)  Sand.  Mineral  grains  which  pas-  a 
United  States  Standard  No.  4  sieve  and  are 
retained  on  a  No.  '-'<>h  -ic\  «• 

i     Oravel      Pieces  of  rock  which  arc  not 
greater  than  3  inches  m  maximum  dimension, 


and  arc  retained  on  a  United  States  Standard 

NO       I    Mc\  c 

(g)  othti  Material* 

<  'nlil)/,  v      Rounded  pieces  of  rock  which 
arc  noi  greater  than  12  inches,  hut  an-  lai 
than  3  inches  in  maximum  dimension 

(2)  Boulderi  Rounded  pieces  of  rock 
which  are  not  greater  than  1  culm  yard  in 
volume,    hut     arc    larger    than     12    inches    in 

maximum  dimension 

(3)  Rock  "i  tutf  or  chalk  fragments      I' 

of  rock  or  tuff  or  chalk  which  are  not  rounded 

and   which   are   not    greater  than    I    cubic    \ard 
in  volume 
G-6.    Open-Cut   Excavation,    General.  a 

</•(//.     All  open-cut  excavation  shall  he  performed 

in  accordance  with  tin-  section  to  the  line-,  grades, 

and  dimensions  shown  on  the  drawings  or  eatab- 
lished  by  the  contracting  authority.     During  the 

progress  of  the  work,  n  maj  he  found  necessary 
desirable  t<>  varj  the  -lop.-  or  the  dimensions  of 
the  excavations  from  those  specified  herein  Anv 
increase  or  decrease  of  quantities  excavated  a-  a 
result  of  -ucli  changes  will  he  covered  in  the  esti- 
mates. Should  it  he  determined  by  the  contract- 
ing authority    that    unit    COStS  will   he  increased  or 

decreased  a-  a  result  of  Buch  changes,  an  equitable 

adjustment  of  unit   prices  will  he  made. 

All  necessary  precautions  «duill  he  taken  to  pre- 
Berve  the  material  below  and  beyond  the  line-  uf 
all  excavation  in  the  soundest  possible  condition. 
Any  damage  to  the  work  due  to  the  contractor- 
operations,  including  shattering  of  the  material 
beyond  the  required  excavation  lines,  -hall  he 
repaired  at  the  expense  of  and  hy  the  contractor. 
Any  and  all  excess  excavation  for  the  convenience 
of  the  contractor  or  overe.xcavation  performed  by 
the  contractor  for  any  purpose  or  reason,   except 

as  may  he  ordered  in  writing  hy  the  contracting 

authority,  and  whether  or  not  due  to  the  fault  of 
the  contractor,  shall  he  at  the  expense  of  the 
contractor.  Where  required  to  complete  the 
work,  all  such  excess  excavation  and  overe.xcava 
tion  shall  he  refilled  with  materials  furnished  and 
placed  at  the  expense  of  and  hy  the  contractor: 
/.  That   payment   will  he  made  for  cement 

used  in  concrete  placed  t<>  refill  such  excess  exca- 
vation   or    overexcavation    unless    such 

excavation  or  overe.xcavation  is  caused  hv  care! 


■  <r  dalata  m  ippropratt 


'  Ki  \  i~    •    •  tor  siN-ciAratlons  for  roncrrtr  darn  con- 

-irurtloti 
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excavation  or  is  intentionally  performed  by  the 
contractor  to  facilitate  his  operations,  as  deter- 
mined by  the  contracting  authority.  Slopes 
shattered  or  loosened  by  blasting  shall  be  taken 
down  at  the  expense  of  and  by  the  contractor. 

All  excavation  for  embankment  and  structure 
foundations  shall  be  performed  in  the  dry.  Xo 
excavation  shall  be  made  in  frozen  materials 
without  written  approval.  Xo  additional  allow- 
ance above  the  unit  prices  per  cubic  yard  bid  in 
the  schedule  for  excavation  will  be  made  on  ac- 
count of  any  of  the  materials  being  wet  or  frozen. 

Where  not  to  be  covered  with  concrete  or  per- 
vious blanket,  excavations  shall  be  made  to  the 
full  dimensions  required  and  shall  be  finished  to 
the  prescribed  lines  and  grades  *  (except  that  sharp 
points  of  undisturbed  ledge  rock  will  be  permitted 
to  extend  within  the  prescribed  lines  not  more  than 
6  inches). 

All  shale-foundation  surfaces  shall  be  protected 
from  freezing  and  air-slaking  by  leaving  a  tem- 
porary   cover    of    feet    of    unexcavated 

material.     The   final    feet    of   excavation 

above  shale-foundation  surfaces  shall  be  per- 
formed by  continuous  operation  during  nonfreez- 
ing  weather.  Such  excavation  shall  be  followed 
without  delay  by  placement  of  embankment 
material  as  required  or  by  the  application  of 
protective  coatings  as  provided  in  section  G-15 
(Protection  of  Finished  Structure  Excavations), 
and  placement  of  concrete  or  pervious  blanket 
material.  Exposed  finished  excavated  shale  sur- 
faces shall  be  kept  moist  at  all  times  to  prevent 
evaporation  of  the  natural  moisture  in  the  mate- 
rial and  such  surfaces  shall  also  be  protected  from 
freezing. 

All  chalk-foundation  surfaces  shall  be  protected 
from  freezing   by  leaving  a  temporary  cover  of 

feet  of  unexcavated  material.     The  final 

feet  of  excavation  above  chalk-foundation 

surfaces  need  not  be  performed  by  continuous 
operation  but  all  such  excavation  shall  be  per- 
formed in  nonfreezing  weather.  Exposed  finished 
excavated  chalk  surfaces  will  not  require  the 
addition  of  moisture  or  protective  coatings,  but 
such  finished  surfaces  shall  be  protected  from 
freezing. 

Xo  allowance  above  the  unit  prices  bid  in  the 
schedule  will  be  made  because  of  the  requirements 


•Revise  or  delete  as  appropriate. 


set  forth  herein  for  the  protection  of  shale  and 
chalk  foundations  from  freezing  or  air  slaking. 
(b)  Structure  Foundations. — 

(1)  Common  material. — The  bottom  and 
side  slopes  of  common  material  upon  or 
against  which  concrete  is  to  be  placed  shall  be 
finished  accurately  to  the  established  lines 
and  grades,  and  loose  materials  on  surfaces 
so  prepared  shall  be  moistened  with  water 
and  tamped  or  rolled  with  suitable  tools  and 
equipment  to  form  a  firm  foundation  for  the 
concrete  structure.  If,  at  any  point  in  com- 
mon material,  material  is  excavated  beyond 
the  established  excavation  lines,  for  any 
reason  except  by  written  orders  from  the 
contracting  authority,  the  overexcavation 
shall  be  filled  with  selected  materials,  in 
layers  not  more  than  6  inches  thick,  mois- 
tened, and  thoroughly  compacted  by  tamp- 
ing or  rolling.  If,  at  any  point  in  common 
material,  the  natural  foundation  material  is 
disturbed  or  loosened,  for  any  reason,  it  shall 
be  consolidated  by  tamping  or  rolling,  or 
where  directed,  it  shall  be  removed  and  re- 
placed with  selected  material,  which  shall  be 
thoroughly  compacted.  The  cost  of  all  work 
required  in  the  preparation  of  structure 
foundations  shall  be  included  in  the  applicable 
unit  price  bid  in  the  schedule  for  excavation: 
Provided,  That  where  the  material  is  unsuited 
to  form  a  firm  foundation,  further  excavation 
and  refill  will  be  ordered  in  writing  by  the 
contracting  authority,  and,  subject  to  the 
provisions  of  subsection  (a)  for  an  equitable 
adjustment  of  unit  prices,  payment  therefor 
will  be  made  as  follows: 

a.  Payment  for  additional  excavation  when 
ordered  in  writing  to  remove  unsuitable 
foundation  materials  or  for  excavation  of 
excess  roller  compacted  earthfill  material, 
placed  as  described  under  b  below,  will  be 
made  at  the  unit  price  per  cubic  yard  bid 
in  the  schedule  for  excavation  for  the  struc- 
ture for  which  the  excavation  is  made.  Pay- 
ment for  excavation  and  transportation  of 
selected  earthfill  materials  for  use  in  refilling 
will  be  made  at  the  unit  price  bid  in  the 
schedule  for  excavation  of  the  material  used 
for  such  refill. 

b.  In  excavations  where  compaction  witli 
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the  roller  specified  for  use  on  the  dam  em- 
bankment is  practical  and  desirable,  the 
foundations  shall  be  prepared,  and  the  refill 
materials  shall  !><•  selected,  placed,  moistened, 
ami  compacted  as  provided  in  subsections   l> 

.I),  (e)  and  (g)  of  section  ('«  _'i  I  Earthfill 
in  Dam  Embankment]  The  selected  earth- 
fill  materials  shall  be  placed  ami  compacted  to 
I  depth  of  18  inches  above  the  established 
elevation  of  the  structure  foundation,  and 
after  compaction,  such  excess  material  shall 
be  excavated  to  the  established  elevation  of 
the  structure  foundation.  Payment  for  plac- 
ing and  compacting  refill  materials  ih  >\r 
scribed  above  will  be  made  at  the  unit  price 
per  cubic  yard  bid  in  the  schedule  for  earthfill 
in  ilani  embankment,  impervious  /.one 

c.  In  excavations  where  compaction  with 
the  roller  specified  for  use  on  the  dam  em- 
bankment is  impractical  or  undesirable,  the 
refilling  and  compacting  of  refill  material  shall 
be  performed  in  accordance  with  section  (i  22 
(Specially  Compacted  Earthfill).  Payment 
for  placing  and  compacting  the  refill  material 
will  be  made  at  the  unit  price  per  cubic  yard 
bid   in   the  schedule  for  specially  compacted 

earthfill. 

Excess  excavation  for  the  convenience  of 

the  contractor  or  ov crexcav ation  performed 
by    the   contractor   without    written   orders   of 

the  contracting  authority  shall  be  filled  with 

selected  material  and  compacted,  as  directed, 
in  accordance  with  I)  and  C  above,  except  that 
all  such  work  shall  be  at  the  expense  of  the 
COnt  factor. 

2)  '(Rock,  shale)  or   *  (chalk  material). 

The  bottom  and  side  slopes  of  *irock,  shale) 
or  *  (chalk  material)  upon  or  against  which 
concrete  or  pervious  blanket  material  is  to 
be  placed  shall  be  excavated  to  the  required 
dimensions  as  shown  on  the  drawings  or  es- 
tablished bv  the  contracting  authority.  No 
material  will  be  permitted  to  extend  within 
the  neat  lines  of  the  structure.  If,  at  any 
point  in  *  rock,  shale)  or  *  (chalk  material  i, 
upon  written  orders  from  the  contracting 
authority,  material  is  excavated  beyond  the 
limits  required  to  receive  the  structure,  the 
additional  excavation  shall  be  filled  solidly 
with    concrete,     or     with      pervious     blanket 


materials  where  applicable  Subject  to  the  pi" 
visions  of  subsection  (a)  for  equitable  adjust 
ment  of  unit  pine-.,  payment  for  such  addi- 
tional excavation  will  be  made  at  the  unit 
price  pel  cubic  \ald  bid  III  the  schedule  fol 
excavation  for  the  structure  involve. I  Pay- 
ment    for    concrete    and  or    pervious    blanket 

material  placed  in  Buch  additional  excavation 

will   be  made  at    the  applicable  unit    price  per 

cubic  yard  bid  in  the  schedule  foi  *(con< 
in  the  structure  involvi  oncrete  in  back- 

fill), or  for  *ipeivious  blanket)  Provided, 
That  if  determined  l>\  the  contracting  author- 
ity that  unit  costs  will  be  increased  or  de- 
creased as  a  result  of  such  changes  an  equita- 
ble adjustment  of  unit  prices  will  be  made 
Refill  of  excess  excavation  or  overexcitation 
caused  bv  careless  excavation  or  intent  lonallv 
performed  bv  the  contractor  to  facilitate  his 
operations,  as  determined  bv  the  contracting 
authority,  shall  be  in  accordance  with  BUb- 
sect  ion 
Excavated  Materials.     >>>  far  as  practicable, 

as  determined  by  the  contracting  authority,  all 
suitable  materials  from  excavations  for  specified 
permanent  construction  shall  be  used  in  the  per- 
manent construction  required  under  these  Bpecifi- 
cal  ions. 

Matenals  shall  be  selected  as  follows 

'Insert  applicable  provisions.) 

The  contractor's  blasting  and  other  operations 

mi  excavations  shall  be  such  that  the  excavations 
will  yield  as  much  suitable  material  for  such  con- 
struction   as    practicable,    and    shall    be    subject    to 

the  approval  of  the  contracting  authority.  Where 
practicable,    as   determined    by    the   contracting 

authority,  suitable  materials  shall  be  excavated 
separately  from  the  materials  to  be  wasted  and 

the  suitable  materials  shall  be  segregated  by  loads 
during  the  excavation  operations  and  shall  be 
placed  in  the  designated  final  locations  directly 
from  the  excavation,  or  shall  be  placed  in  tem- 
porary Stockpiles  and  later  placed  in  the  desig- 
nated locations  as  directed  by  the  contracting 
authority.  In  excavating  materials  which  are 
suitable  for  use  in  the  dam  embankment,  the  con- 
tracting authority  will  designate  the  depths  of  cut 
which  will  result  in  the  best  gradation  of  materials, 
and    the    cuts    shall    be    made    to    such    designated 

depths. 
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Excavated  materials  which,  after  drainage,  are 
suitable  for  the  impervious  rolled  earth-fill  portion 
of  the  dam  embankment  but  which,  when  exca- 
vated, are  too  wet  for  immediate  compaction  in 
the  embankment  shall  be  placed  temporarily  in 
stockpiles  until  the  moisture  content  is  reduced 
sufficiently  to  permit  them  to  be  placed  in  the 
embankment,  or  they  shall  be  placed  on  the  em- 
bankment subject  to  the  provisions  of  subsection 
(g)  of  section  G-21  (Earthfill  in  Dam  Embank- 
ment), relative  to  materials  in  which  the  moisture 
content  is  greater  than  that  required  for  proper 
compaction.  Should  cobbles,  boulders,  or  rock 
fragments  having  maximum  dimensions  of  more 
than  5  inches  be  found  in  otherwise  approved 
earthfill  materials,  they  shall  be  removed  by  the 
contractor  either  at  the  site  of  the  excavation  or 
after  being  transported  to  the  earthfill  but  before 
the  materials  are  rolled  and  compacted.  Such 
rock  materials  shall  be  placed  in  other  portions 
of  the  dam  embankment  or  wasted,  as  directed. 

Excavated  materials  which  are  unsuitable  for 
or  are  in  excess  of  dam  embankment  or  other 
earthwork  requirements,  as  determined  by  the 
contracting  authority,  shall  be  wasted  as  provided 
in  section  G-19  (Disposal  of  Excavated  Material). 

(d)  Measurement  and  Payment. — Excavated  ma- 
terial will  be  measured,  for  payment,  in  excavation 
to  the  lines  shown  on  the  drawings  or  described  in 
these  specifications,  and  will  include  only  material 
that  is  actually  removed  at  the  direction  of  the 
contracting  authority:  Provided,  That  where  ex- 
cavation lines  are  not  shown  on  the  drawings,  the 
excavation  will  be  measured  to  the  most  practicable 
lines,  grades,  and  dimensions  as  prescribed  by  the 
contracting  authority. 

Where  concrete  or  pervious  blanket  material 
is  to  be  placed  directly  upon  or  against  the  excava- 
tions and  the  character  of  the  material  cut  into 
is  such  that  the  material  can  be  trimmed  efficiently 
to  accurate  dimensions  by  ordinary  excavation 
finishing  methods  to  the  required  lines  of  the 
concrete  structure  or  overlying  blanket  material, 
as  determined  by  the  contracting  authority,  meas- 
urement for  payment  will  be  made  only  of  the 
excavation  within  the  neat  lines  of  the  concrete 
structure  or  established  lines  of  pervious  blanket: 
Provided,  That  where  minimum  dimensions  for 
such  concrete  or  pervious  blanket  are  shown  on 
the  drawings,  measurement  for  payment  will  be 
made  to  the  minimum  dimensions  shown  on  the 


drawings  or  established  by  the  contracting  au- 
thority: Provided  further,  That  where  no  dimen- 
sions are  indicated  on  the  drawings,  minimum 
dimensions  will  be  established  by  the  contracting 
authority,  and  measurement,  for  payment,  of 
excavation  will  be  made  to  such  minimum  di- 
mensions. 

Where  concrete  or  pervious  blanket  material 
is  to  be  placed  directly  upon  or  against  the  exca- 
vations and  the  character  of  the  material  cut  into 
is  such  that  the  material  cannot  be  trimmed  ef- 
ficiently to  accurate  dimensions  by  ordinary  ex- 
cavation finishing  methods,  as  determined  by  the 
contracting  authority,  such  excavations  shall  be 
sufficient  at  all  points  to  provide  for  the  minimum 
dimensions  of  concrete  or  pervious  blanket  shown 
on  the  drawings,  and  the  prescribed  average 
dimension  shall  be  exceeded  as  little  as  possible, 
and  measurement  for  payment  thereof  will  be 
made  to  the  prescribed  average  dimensions: 
Provided,  That  where  a  single  dimension  is  given 
or  if  the  elevation  of  the  foundation  is  indicated 
on  the  drawings,  such  dimensions  shall  be  con- 
sidered as  the  minimum  dimension  and  such  ele- 
vation shall  be  considered  as  the  elevation  deter- 
mining the  minimum  dimension,  and  the  pre- 
scribed average  dimension  lines  shall  be  considered 
as  3  inches  outside  the  minimum  dimension  lines 
for  the  purposes  of  measurement,  for  payment,  of 
excavation:  Provided  further,  That  where  no  di- 
mensions or  elevations  are  indicated  on  the  draw- 
ings, minimum  dimensions  will  be  established  by 
the  contracting  authority,  and  measurement,  for 
payment,  of  excavation  will  be  made  to  the  aver- 
age dimension  lines  3  inches  outside  the  minimum 
dimension  lines  as  established  by  the  contracting 
authority.  In  areas  where  corrugations  are  re- 
quired under  structure  foundations,  measurement, 
for  payment,  of  excavation  for  the  structure  will 
be  made  to  the  average  dimension  lines  3  inches 
below  the  minimum  dimension  lines  of  the  con- 
crete structure  as  shown  on  the  drawings  or  es- 
tablished by  the  contracting  authority.  Meas- 
urement, for  payment,  of  excavation  for  sewer- 
pipe  drains,  including  excavation  for  bedding  and 
concrete  pads,  will  be  made  to  the  neat  lines  shown 
on  the  drawings  or  established  by  the  contracting 
authority. 

Except  as  otherwise  provided  in  section  G-63 
for  Diversion  and  Care  of  River  During  Construc- 
tion and  Removal  of  Water  from  Foundations,  the 
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unit  prices  bid  in  the  schedule  for  excavation  in 
open  cut  shall  include  the  cost  of  all  labor,  equip- 
ment, and  materials  for  cofferdams  and  other 
temporary  construction  and  of  all  pumping,  bail- 
ing, draining,  ami  all  other  work  necessary  to 
maintain  the  excavation-,  in  good  older  during 
construction  and  of  removing  Buch  temporary  con- 
struetion  where  required. 

The  unit  prices  t > t « 1  in  the  schedule  for  excava- 
tion in  open  cut   shall  also  include  the  entire  COSl 

Transportation  of  materials  from  the 

excavation  to  points  of  final   use,  to  i li-j >. »~.n  1 

areas,  to  temporary  stockpiles,  and  from  tem- 
porary Stockpiles  to  points  of  final  use 

Rehandling  excavated  materials  which 
have  been  deposited  temporarily  in  Btock- 
pil< 

Removal  of  oversize  materials  from 
otherwise  Buitable  materials  and  disposal  of 

the  same 

t  Disposal  of  excavated  waste  material. 
All  excavated  materials  actually  placed  in 
completed  earthwork  and  emhanknient  construc- 
tion will  again  he  included  for  payment  under 
appropriate  items  of  the  schedule  covering  Buch 
construction.  \o  payment  will  be  made  for 
excavation  performed  in  previously  placed  em- 
hanknient. refill  or  backfill,  except  as  provided  in 
Bubsecl  urn  (b)  above. 

G-7.  Excavation  for  Grout  Cap.  Excavation  for 
grout  cap  shall  be  performed  by  the  use  of  hand 
tools  and  approved  mechanical  equipment,  in  such 
a  manner  as  to  prevent  shattering  of  the  Bides  and 

bottom  of  the  excavation.  At  the  option  of  the 
contractor  and  with  the  approval  of  the  contract- 
ing authority,  line  drilling  and  light  blasting  in 
blasting  holes  or  other  methods  may  be  employed. 
If  line  drilling  and  light  blasting  arc  employed  the 
diameter.  Bpacing,  and  depth  of  the  line  drilling 
holes  and  the  blasting  holes  shall  be  Bubjecl  to 
the  approval  of  the  contracting  authority,  and  Un- 
sparing shall  he  such  as  to  insure  that  the  material 
will  break  along  the  desired  lines.  The  blasting 
shall  he  limited  to  approved  methods  which  pro- 
vide for  successive  fracturing  of  the  worked  face 
as  the  work  is  advanced  by  use  of  power  tool-  and 
handwork.  Blasting  in  line  drill  holes  will  not  he 
permitted.  Whenever,  in  the  opinion  of  the  con- 
tracting authority,  further  blasting  might  injure 
the  surfaces  upon  or  against  which  concrete  is  to 


he  placed,  the  Use  of  explosive*  -hall  he  dlseon- 
t  miicd 

When  an  excavation  for  grout  cap  en  tault 

oi  -cam  the  excavation  shall  be  carried  to  depths 
shown  on  the  drawings  or  as  maj  be  directed  and 
shall  he  keyed  into  the  formation  on  the  Bides  of 
the  fault  or  seam  a-  directed  Provided,  That  if 
excavation  is  required  to  a  greater  depth  than  B 
feet  measured  normal  to  the  finished  surface  of 
excavation  for  dam  embankment  foundation,  §uch 

excavation  will  he  ordered  111  writing.  The  con- 
tractor -hall  furnish  all  materials  to  support  the 
Bides  oi  the  excavation  where  necessary,  and  all 
support-  shall  he  removed  before  or  during  the 

placing  of  concrete  At  the  option  of  the  con- 
tractor, excavating  for  grout  cap  mav  lie  performed 

during  nonfree/ing  weather  in  advance  of  final 
excavation  to  finished  surfaces  of  dam  emhank- 
nient     foundation.      Such     excavation,     hovve. 

shall  he  followed  without  delay  hv  placement  of 

concrete  in  grout  cap. 

Measurement,  for  payment,  of  excavation  for 
grout  cap  will  he  made  to  the  prescribed  avei 
dimension  in  width,  and  to  the  designated  depth 
measured  normal  to  t  he  finished  surface-  of  excava- 
tion. *(and  will  not  include  the  .  -foot-thick 
temporary  cover  of  unexcavated  material). 

Payment  for  excavation  for  grout  cap  will  he 
made  at  the  applicable  unit  price  per  cubic  yard 
hid  in  the  schedule  for  excavation  for  grout  cap 
up  to  .">  feet  in  depth  and  for  excavation  for  grout 
cap  between  depths  of  ."i  feet  and  8  feet,  which  unit 
price  shall  include  the  entire  cost  of  all  work 
described  in  this  section  ami  the  cost  of  furnishing, 
installing,  and  removing  supports  The  require- 
ment for  excavation  for  grout  cap  between  depths 

of  ">  feet  and  8  feet  will  he  determined  hv  the 
contracting  authority,  and  the  contractor  will  be 
entitled  to  no  additional  allowance  above  the 
unit  price  bid  therefor  in  the  schedule  hv  reason 
of  any  amount  or  none  or  the  work  for  this  item 
being  required. 

G~8.  Drilling  Line  Holes  for  Rock  Excavation. 
Rock  excavation,  where  duelled  hv  the  con- 
tracting authority,  shall  he  formed  hv  line  drilling 
and  broaching.  The  diameter  of  the  holes  for 
line  drilling  shall  he  Bubject  to  approval  The 
Spacing  of  the  holes  shall  he  as  directed  hv  the 
contracting  authority,  and  shall  he  sufficiently 
close    to    insure    that    the    rock    will    break    along 

•!;•  ■. :-.    ■■.  ■!•  leta  u  tppropi 
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the  desired  lines.  No  blasting  will  be  permitted 
in  the  holes  along  the  sides  of  the  excavation, 
but  light  blasting  will  be  permitted  in  the  areas 
adjacent  to  lines  of  holes:  Provided,  That  when- 
ever, in  the  opinion  of  the  contracting  authority, 
further  blasting  might  injure  the  rock  upon  or 
against  which  concrete  is  to  be  placed,  the  use  of 
explosives  shall  be  discontinued  and  the  excava- 
tion shall  be  completed  by  wedging,  barring,  or 
other  suitable  methods. 

Payment  for  drilling  line  holes  along  the  sides 
of  the  excavation  will  be  made  at  the  unit  price 
per  linear  foot  bid  in  the  schedule  for  drilling  line 
holes  for  rock  excavation,  and  only  the  length  of 
holes  actually  drilled  into  the  rock  along  the  sides 
of  the  excavation  at  the  direction  of  the  con- 
tracting authority  will  be  considered  in  making 
measurements  for  payment.  No  payment  will 
be  made  to  the  contractor  for  drilling  holes  for 
blasting  purposes. 

G~9.  Excavation  for  Dam  Embankment  Foundation 
(Earthfill  Dam). — The  item  of  the  schedule  for 
excavation  for  dam  embankment  foundation 
includes  all  excavation  for  the  foundation  of  the 
dam  embankment,  including  stripping. 

The  entire  area  to  be  occupied  by  the  dam 
embankment  or  such  portions  thereof  as  ma}-  be 
directed  shall  be  stripped  to  a  sufficient  depth  to 
remove  all  materials  not  suitable,  as  determined 
by  the  contracting  authority,  for  the  foundation 
of  the  dam  embankment.  The  unsuitable  ma- 
terials to  be  removed  include  all  topsoil,  rubbish, 
vegetable  matter  including  stumps  and  roots, 
and  all  other  perishable  and  objectionable  material. 

A  cutoff  trench  shall  be  excavated  in  the  dam 
embankment  foundation  to  the  established  lines 
and  grades  and  all  loose,  soft,  and  disintegrated 
material  shall  be  removed  to  the  extent  directed. 
Removal  of  boulders  may  be  required.  The 
contractor  will  not  be  required  to  excavate  the 

cutoff  trench  to  depths  below  elevation at 

the  unit  price  per  cubic  }*ard  bid  in  the  schedule 
for  excavation  for  dam  embankment  foundation. 

The  contemplated  alinements  and  cross-sectional 
dimensions  shown  will  be  subject  to  such  changes 
as  may  be  found  necessary  by  the  contracting 
authority  to  adopt  the  foundations  to  the  conditions 
disclosed  by  the  excavations.  Accurate  trimming 
of  the  slopes  of  the  excavations  will  not  be  required, 
but  the  excavations  shall  conform  as  closely  as 
practicable  to  the  established  lines  and  grades. 


Payment  for  excavation  for  dam  embankment 
foundation  will  be  made  at  the  unit  price  per 
cubic  yard  bid  therefor  in  the  schedule. 

G-10.  Excavation  in  Open  Cut  for  Concrete  Struc- 
tures.— The  item  of  the  schedule  for  excavation  in 
open  cut  for  concrete  structures  includes  all  open- 
cut  excavation,  including  stripping,  as  shown  on 
the  drawings,  for  the  concrete  structures  as 
follows: 

(Here  usually  are  listed  descriptions  and  loca- 
tions of  the  excavations  involved  under  this  exca- 
vation pay  item,  together  with  the  dividing  limits 
for  measurement  for  payment  if  these  excavations 
are  contiguous  with  other  excavations  for  which 
separate  payment  is  made.  This  section  is  also 
used  for  specifications  for  construction  of  a  con- 
crete dam.) 

Payment  for  excavation  in  open  cut  for  concrete 
structures  will  be  made  at  the  unit  price  per  cubic 
yard  bid  therefor  in  the  schedule. 

G-1 1 .  Excavation  in  Tunnel  and  Shaft.6 — Excava- 
tions shall  be  made  to  the  lines,  grades,  and  di- 
mensions shown  on  the  drawings  or  established  by 
the  contracting  authority.  The  general  dimen- 
sions, arrangements,  and  details  of  typical  sections 
of  the  tunnel  and  shaft  are  shown  on  the  drawings. 
*(A11  final  excavated  surfaces  of  the  tunnel  and 
shaft  shall,  within  1  hour  after  exposure,  be  pro- 
tected by  a  coating  one-sixteenth  inch  in  minimum 
thickness  of  emulsified  asphalt,  RS-1.  Emulsified 
asphalt  shall  be  in  accordance  with  Federal  Speci- 
fications SS-A-674b,  shall  be  applied  by  approved 
methods,  and  so  far  as  practicable  as  determined 
by  the  contracting  authority,  shall  be  applied  be- 
fore placement  of  permanent  tunnel  and  shaft  sup- 
ports or  temporary  timbering.)  Permanent  tunnel 
and  shaft  supports  shall  be  furnished  and  installed 
by  the  contractor  where  necessary,  as  determined 
by  the  contracting  authority,  in  accordance  with 
section  G-12  (Permanent  Tunnel  and  Shaft  Sup- 
ports) .  Temporary  timbering  may  be  used  in  ac- 
cordance with  section  G-13  (Temporary  Timber- 
ing in  Tunnel  and  Shaft) .  During  construction  the 
tunnel  and  shaft  shall  be  drained,  lighted,  and 
ventilated  in  accordance  with  section  G-14  (Drain- 
ing, Lighting,  and  Ventilating  Tunnel  and  Shaft). 


•  Sees.  O-ll,  G-12,  G-13,  and  a-14  are  applicable  to  both  tunnels  and  shafts. 
The  wording  should  be  revised  depending  on  whether  one  or  more  tunnels 
and  one  or  more  shafts  are  involved. 

•Revise  or  delete  as  appropriate. 
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The  "A"  lines  Bhown  on  the  typical  sections  of 
tin-  drawings  are  lines  within  which  no  unexca- 
vaiiil  materia]  of  an\  kind  and  do  supports,  other 
than  permanenl  Btructural-steel  supports,  a  ill  be 
permitted  to  remain.  The  "B"  lines  shown  on 
tin-  typical  aections  are  the  outside  limits  to 
winch  measurement,  f<»r  payment,  of  excavation 
will  be  made,  and  measurement  for  payment  will 
in  nil  cases  be  made  i<>  the  "B"  lines  regardless  of 
whether  the  limits  of  the  actual  excavation  fall 
inside  or  outside  of  the  "B"  lines 

The  nature  of  the  materials  being  excavated 
inti\  make  it  necessary,  as  determined  by  the 
contracting  authority,  to  increase  the  distance  be- 
tween the  "A"  line  and  the  finished  interior  lining 
surfaces  of  the  tunnel  and  shaft,  in  which  evenl 
tin-  position  of  the  "B"  line  will  hi-  changed  in 
such  a  wa\  n>  to  maintain  at  every  point  the  same 
distance  between  the  "A"  and  "B"  lines  as  existed 
before  the  position  of  the  "A"  line  was  moved: 
Provided,  That  where  Bteel  supports,  other  than 
steel  liner  plates  alone,  arc  used,  the  "B  '  line 
will  hi-  moved  bo  a-  to  hi-  located  outside  of  the 
outer  fair  of  the  approved  Bteel  supports  tin-  dis- 
tance shown  on  tin-  drawings.  The  contractor 
shall  h»-  entitled  to  no  additional  compensation 
because  of  Buch  changes  other  than  that  result- 
ing from  the  increased  quantities  dm-  to  the  new 
position-  of  the  "A"  and  "B"  lines:  Provided,  That 
any  additional  excavation  required  on  account  of 
enlargement  of  section,  ordered  in  writing  after 
the  completion  of  the  excavation  of  the  section  to 
the  previously  described  dimensions,  will  be  paid 
for  as  extra  work.  Where  foundation  conditions, 
as  determined  by  the  contracting  authority, 
require  additional  excavation  for  extending 
structural-steel  ribs,  *(\vallplates,  foot  beams,  foot- 
plates), or  other  approved  structural--teel  mem- 
bers, such  excavation  will  be  included  for  payment 
under  the  items  of  the  schedule  for  excavation  in 
tunnel  and  shaft. 

The  contractor  shall  use  every  precaution  to 
avoid    loosening   material    beyond    the    "B"    lines. 

All  drilling  and  blasting  shall  he  performed  care- 
fully so  that  the  material  outside  the  "B"  lines 
will  not  be  shattered.  Any  damage  to  or  dis- 
placement of  tunnel  BUpportS  and  any  damage  t<> 
any  other  part  of  the  work  caused  by  blasting  or 
any   other   operations   of   the   contractor   shall    be 


repaired  at  tin-  expense  of  ami  l»\   the  contractor 

and  in  an  approved  manner 

Immediately  following  excavation  in  unsup- 
ported sections,  all  loosened  material  either  inside 

or  OUtside  of  the  "B"  lines  that,  in  the  opinion  of 

the  contracting  authority,  i-  likely  to  fall  shall  be 
remo\  ed. 

All  materia]  projecting  inside  tin-  "A"  lines  -hall 
he  removed  bj  the  contractor  a-  pari  of  the  work 
described  in  this  section      The  removal  <>f  such 

projection-  within  the  "A"  Inn-  ma\   la-  performed 

at  an\  time  during  the  progress  of  the  work 
rided,  That  immediately  before  the  concrete  lining 
is  placed,  the  contractor  will  be  required  to  remove 

all  material  then  extending  within   the  "A'    hues. 

Excavated  material-  -hall  he  placed  in  'dam  em- 
bankment or) 

Measurement,   for  payment,  of  excavation  in 

tunnel   and   shaft    will   he   limited    to   the  specified 

sectional  dimensions  and  will  be  made  along  tin' 

located  ccnterline-  of  the  tunnel  and  -haft  only 
for   BUCh    reaches   of   the   tunnel   and   shaft    a-   are 

excavated  by  tunneling  and  -haft  driving  methods. 

Payment  for  excavation  in  tunnel  and  -haft  will 
be  made  at  the  applicable  unit  price-  per  cubic 
yard  bid  therefor  in  the  schedule,  which  unit 
price  shall  include  the  entile  cost  of  excavation. 
transportation,  and  disposal  of  excavated  ma- 
terial- *(and  furnishing  and  applying  RS  l  coating 
to  final  excavated  BUrfaces  of  the  tunnel  and  shaft  |. 
G-12.   Permanent    Tunnel   and    Shaft    Supports. 

,i  General.  Suitable  permanent  structural- 
steel  supports,  a-  provided  in  BUDSectioi 
below,  -hall  be  used  to  aupporl  the  roof  and 
sides  of  the  tunnel  and  shaft,  where  required, 
and  as  approved  by  the  contracting  authority. 
•(Tunnel  roof  support  bolts  used  a-  roof  supports 
or  side  anchors,  and  chain-link  woven  wire  fabric, 
-hall    he    installed    in    the    tunnel,    gate    chamber. 

and  shaft  where  required  as  provided  in  subsec- 
tion- id  and  (d)  below.)  The  space  between  the 
permanent  structural-steel  liner  plate-  and  or 
between    cout  iuuoii-    -t.-el    lagging    and     th< 

cavated  surface-  -hall  be  filled  with  coar-c  aggre- 
gate or  rock  fragments  not  less  than  five-eighths 
inch  in  maximum  dimension  and  grouted. 

Permanent  Structural-Steel  Supports.     The 

contractor  -hall  furnish  all  permanent  Btructural- 
Bteel  supports  consisting  of  Bteel  ribs,  •(  w  all  plate-. 


•  Revise  or  delete  If  8|>|>n>prtate 
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foot  beams,  footplates),  lagging,  liner  plates,  and 
other  approved  structural-steel  members,  com- 
plete with  bolts,  nuts,  wedges,  tie  rods,  and  other 
accessories  required  for  assembling  the  permanent 
structural-steel  supports  and  supporting  them 
in  place,  and  all  temporary  timber  spreaders. 
The  permanent  steel  supports  shall  be  placed  in 
an  approved  manner  to  the  established  lines, 
grades,  and  dimensions,  and  shall  be  maintained 
by  the  contractor  in  proper  condition  and  aline- 
ment  until  the  concrete  lining  has  been  placed. 
The  distance  between  structural-steel  rib  supports 
shall  be  as  approved.  Temporary  timber  spreaders 
shall  be  furnished  and  installed  by  the  contractor 
where  required  and  shall  be  removed  before  place- 
ment of  concrete  lining.  No  direct  payment  will 
be  made  to  the  contractor  for  temporary  timber 
spreaders. 

Typical  approved  permanent  supports  for  the 
tunnel  consisting  of  structural-steel  ribs,  with  or 
without  steel  lagging  or  liner  plates;  or  steel 
tunnel-liner  plates  without  structural-steel  ribs, 
and  other  approved  structural-steel  members  are 

shown  on  drawing  No. Other  permanent 

structural-steel  supports  may  be  used  as  approved. 
If  permanent  supports  are  required  for  irregular 
sections  such  as  portals,  transitions,  and  tunnel 
enlargements,  such  supports  shall  be  in  accordance 
with  designs  approved  by  the  contracting  author- 
ity. Approved  types  of  permanent  steel  supports 
are  shown  on  the  drawings,  but  if  these  types 
are  found  to  be  inadequate  they  may  be  modified 
from  time  to  time,  subject  to  approval.  The 
details  of  the  permanent  structural-steel  supports 
including  size,  weights,  and  materials,  and  the 
installation  in  all  parts  of  the  tunnel  and  shaft 
shall  be  subject  to  approval.  The  amount  of 
permanent  supports  that  will  be  required  is  un- 
certain, and  the  contractor  shall  be  entitled  to  no 
additional  allowance  above  the  unit  prices  bid  in 
the  schedule  by  reason  of  a  larger  or  smaller 
amount  or  no  permanent  supports  being  required, 
except  that  differences  of  actual  quantities  from 
the  schedule  quantities  will  be  covered  in  the 
estimates.  Any  required  repair  to  or  replacement 
of  supports  due  to  the  contractor's  operations 
shall  be  made  at  the  expense  of  and  by  the  con- 
tractor. 

Nothing  contained  in  this  section  shall  prevent 
the  contractor,  at  his  own  expense,  from  erecting 
such  amounts  of  temporary  supports  as  he  may 


consider  necessary,  or  from  using  heavier  perma- 
nent structural-steel  supports  than  approved,  if 
use  of  such  heavier  members  results  in  no  increased 
cost  to  the  contracting  authority,  and  no  state- 
ment herein  shall  be  construed  to  relieve  the 
contractor  from  sole  responsibility  for  the  safety 
of  the  tunnel  and  shaft  or  for  liability  for  injuries 
to  or  deaths  of  persons  or  damage  to  property. 

Measurement,  for  payment,  of  permanent 
structural-steel  supports  will  include  only  the 
weights  of  the  steel  ribs,  *(wallplates,  foot  beams, 
footplates),  liner  plates,  lagging,  and  other  ap- 
proved structural-steel  members  as  are  approved 
for  placing  and  which,  in  the  judgment  of  the 
contracting  authority,  are  necessary  for  adequate 
construction.  Payment  for  furnishing  and  placing 
permanent  structural-steel  supports  will  be  made 
at  the  unit  price  per  pound  bid  therefor  in  the 
schedule,  which  unit  price  shall  include  the  cost 
of  furnishing,  placing,  and  removing  timber 
spreaders. 

(c)  Tunnel  Roof  Support  Bolts. — The  contractor 
shall  furnish  and  install  tunnel  roof  support  bolts 
for  use  as  roof  supports  or  side  anchors  in  the 
tunnel,  gate  chamber,  and  shaft,  where  approved 
or  directed.  The  requirement  for  furnishing  and 
installing  tunnel  roof  support  bolts  at  any  location 
and  the  amount  thereof  shall  be  subject  to  the 
approval  of  the  contracting  authority.  The 
contractor  shall  drill  holes  for  the  roof  support 
bolts  into  the  roof  or  sides  of  the  tunnel,  gate 
chamber,  and  shaft  at  locations  and  to  depths  as 
directed  or  approved  by  the  contracting  authority 
and  shall  provide  and  install  roof  support  bolts 
complete  with  all  required  accessories  including 
bearing  plates,  wedges,  expansion  anchors,  nuts 
and  washers.  The  bearing  plates  shall  have  a 
bearing  area  of  not  less  than  36  square  inches  per 
bolt  and  may  be  steel  plate,  rolled-steel  channel, 
beam  or  angle  to  which  one  or  more  roof  support 
bolts  are  connected  as  approved  by  the  contracting 
authority.  The  contractor  may  furnish  roof 
support  bolts  with  wedge  anchors  or  with  expan- 
sion anchors  as  hereinafter  described.  Other 
types  of  anchoring  devices  may  be  furnished  if 
approved. 

(1)  Roof  support  bolts  with  wedge  anchors 
shall  be  1-inch-diameter  steel  bolts,  slotted 
at  one  end  and  threaded  8  inches  at  the  other 
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end.  Bolts  -luill  conform  to  the  following 
specifical  ions 

.Minimum  field.  Minimum  ttHlill  Minimum  elongation 

,jlk.  /■  J  I  tlrrui)lh.  )i  •  i  '.  <jnne  trnutk 

80,000  60,1 I"', 

Bach  bolt  shall  be  furnished  with  one  Bteel 
wedge    and    one    nut      The    Blots    shall    be 

approximately    ',-incli  wide  and  ti  inches  long. 

The  Bteel  wedges  shall  be  approximately 
inches  long  and  Bhall  !>'■  tapered  to  fi-inch  l>.\ 
j  inch  at   the  blunt  end.     The  holes  for  the 
roof  support  bolts  with  wedge  anchors  Bhall 
!».•  l  '4  inches  to  l  '.•  inches  in  diameter,  and 

shall  he  dulled  accural  elv  to  the  depth 
directed.      The   bolts  with   Wedges  inserted   in 

the  slots  shall  be  placed  in  the  drill  holes  and 
expanded  by  driving  against  the  rock  at  the 

end  of  the  dulled  hole.  The  holt  shall  he 
driven  into  the  hole  until   the  slotted  portion 

of  the  holt  has  expanded  sufficiently  t<>  pro  ide 
adequate  anchorage  of  the  holt  against   the 

sides  of  the  drilled  hole.      After  the  holts  are 

secured  in  (he  holes,  bearing  plates  shall  he 
placed  on  the  holts  ami  a  nut  placed  on  each 
holt  ami  drawn  up  tight  against  the  bearing 
plates  so  that  the  bearing  plates  have  a  linn 
bearing  against  the  rock  surface. 

Roof  supports  with  expansion  anchors 

shall  he  ,,-inch  diameter  with  a  fixed  square 
head  on  one  end  and  threaded  8  inches  at  the 
other  end.  and  each  holt  shall  he  furnished 
with  one  expansion  shell  anchor.      Bolts  shall 

conform  to  the  following  specifications: 

Minimum  field.  Minimum  'mult  Minimum  tlo 

{8-hUk  qnne  lenQlhl 

lu.t 80,000  12% 

The  expansion  shell  anchor  shall  he  suitable  for 
installation  in  I  ", -inch-diameter  holes  and  shall  be 
approved  hy  the  contracting  authority.  The 
holes  for  the  roof  support  holts  with  expansion 
anchors  shall  be  1  \-inch  diameter  and  shall  he 
drilled  to  a  depth  not  less  than  that  directed  by 
the  contracting  authority.  The  holts  shall  he 
inserted   through   the   bearing   plates,   expansion 

anchors  loosely  attached  to  the  holts,  and  the 
holts  and  expansion  anchors  inserted  into  the 
holes  until  the  bearing  plate  is  Bnug  against  the 

rock.      The  holts  shall  then  he  tightened  until  the 

required  torque  is  developed  in  the  holt. 

Measurement,  for  payment,  of  tunnel  roof 
support  holts  will  he  made  of  the  length  of  hole 
drilled    for    the    installation    of    the    holts    at    the 


direction  of  the  contracting  authority:  Provided, 
That  any  holt  furnished  and  installed  in  a  hole 
drilled  less  than  ti  feet  deep  at  the  direction  of  the 
contracting  authority  will  he  paid  for  as  a  holt 
installed  in  a  hole  6  feet  deep  Payment  for 
furnishing  and  installing  tunnel  roof  support  holts 

will  he  made  at  the  unit  price  per  linear  foot  hid 
therefor    in    the   sehedule.    which    unit    price    shall 

include  the  cost  of  drilling  the  holes  and  furnishing 

and    installing    the    holts,    expansion    devices,    and 

nuts      Payment    for    furnishing    and    installing 

bearing  plates  will  he  made  at  the  unit  price  pel 
pound  hid  in  the  schedule  for  furnishing  and 
placing   permanent    structural-steel    supports 

Chain-Link  Woven  Win  Fabric  for  Tunnel 

Rooj  Support  Hulls  The  contractor  shall  furnish 
and   install  chain-link   woven   wire   fabric  for  roof 

support  holts  or  side  anchors  in  the  tunnels,  gate 

chamber,  and  shafts  where  approved  or  directed 

The    requirement    for    furnishing   and    installing 

chain-link  fabric  at  any  location  and  the  amount 
thereof    shall    be    suhject    to    the    approval    of    the 

contracting  aut  hority. 

The  chain-link  woven  wire  steel  fabric  shall 
conform  to  Federal  Specification  RK  F  1*1  la. 
2-inch  mesh.  No.  '.»   gage  (0.148-inch)  coated  or 

Uncoated.  The  fabric  shall  he  placed  over  the 
previously  installed  roof  holts  and  drawn  up  tight 
against  the  rock  surface  by  means  of  the  nut  and 
bearing  plate.  The  contractor  shall  lap  sections 
of  fabric  a  minimum  of  4  inches  where  practicable: 
Provided,  That  at  connections  where  it  is  imprac- 
ticable to  maintain  4-inch  laps  as  determined  by 
the  contracting  authority,  the  contractor  will  he 
permitted  to  extend  laps  in  lieu  of  cutting  along 
regular  lines.  Final  layout  of  the  fabric  and 
extent    of  lapping  shall    he  suhject    to  approval. 

Measurement,  for  payment,  of  chain-link  fabric 
will  he  made  of  the  number  of  pounds  of  fabric 
actually  installed  in  the  completed  work  B8 
directed  and  will  he  based  on  furnishing  a  2-inch 
mesh.  No.  9  iriiL'i1  (0.148-inch)  fabric.  Payment 
for  furnishing  and  installing  chain-link  woven-wire 
fabric  for  tunnel  roof  support  holts  will  he  made 
at  the  unit  price  per  pound  hid  therefor  in  the 
schedule. 

G~1  3.    Temporary  Timberingin  Tunnel  and  Shaft. 

Suitable  temporary  timbering,  including  lagging, 

may  he  used  where  such  temporary  timbering  IS 
necessary,    to   support    the    roof   and    sides   of   the 

tunnel  and  shaft.    Such  temporary  timbering  shall 
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be  removed  by  tbe  contractor  before  tbe  concrete 
lining  is  placed.  Lumber  for  temporary  timbering, 
if  used,  shall  be  furnished  by  the  contractor.  No 
direct  payment  will  be  made  for  furnishing,  erect- 
ing, and  removing  temporary  timbering.  Nothing 
contained  in  this  section  shall  prevent  the  con- 
tractor, at  his  own  expense,  from  erecting  such 
amounts  of  temporary  timbering  as  he  may 
consider  necessary,  subject  to  the  above  provisions, 
nor  shall  it  be  construed  to  relieve  the  contractor 
from  sole  responsibility  for  the  safety  of  the 
tunnel  and  shaft  or  from  liability  for  injuries  to  or 
deaths  of  persons  or  damage  to  property. 

The  entire  cost  of  furnishing,  erecting,  and 
removing  temporary  timbering  shall  be  included 
in  the  unit  prices  bid  in  the  schedule  for  the  items 
of  work  covering  the  construction  of  tunnel  and 
shaft. 

G-14.  Draining,  Lighting,  and  Ventilating  Tunnel 
and  Shaft. — The  contractor  shall  drain  the  tunnel 
and  shaft  of  water,  as  necessary,  to  obtain  satis- 
factory working  conditions.  Pumping  will  be 
required  where  gravity  flow  to  an  outlet  cannot  be 
secured.  The  contractor  shall  also  properly  light 
and  ventilate  the  tunnel  and  shaft  during  all 
construction  operations. 

The  cost  of  all  work  described  in  this  section 
shall  be  included  in  the  unit  prices  bid  in  the 
schedule  for  the  items  of  work  covering  construc- 
tion of  the  tunnel  and  shaft. 

G-1 5.  Protection  of  Finished  Structure  Excava- 
tions.— (a)  General. — The  contractor  shall  place  a 
protective  coating  of  sprayed  material  or  concrete 
on  finished  excavated  foundation  surfaces  for  spill- 
way and  outlet  works  *(and  other  structures)  as 
shown  on  the  drawings  or  as  directed.  The  type 
of  coating  to  be  applied  to  the  surfaces  and  the 
locations  requiring  protection  shall  be,  in  general, 
as  shown  on  the  drawings  and  as  hereinafter  spec- 
ified, and  such  coatings  shall  be  applied  only  to 
portions  of  the  areas  designated  to  receive  pro- 
tective coating  where  in  the  judgment  of  the 
contracting  authority  they  are  deemed  necessary. 

The   contractor   shall   not   perform   excavation 

within  the  final feet  of  finished  surfaces 

in  areas  which  will  require  protective  coatings 
until  all  equipment  and  facilities  required  for 
immediate  application  of  protective  coatings  are 
available  and  in  working  condition.  The  final 
feet  of  excavation  in  areas  requiring  pro- 
tection shall   be  performed  by  continuous  opera- 
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tion,  and  the  application  of  protective  coatings 
shall  follow  without  delay.  The  final  12  inches 
of  excavation  in  such  areas  shall  be  completed 
within  8  hours,  and  protective  coating  shall  be 
applied  to  those  areas  so  that  finished  excavated 
surfaces  will  be  exposed  for  the  shortest  possible 
period  of  time  which  shall  not  exceed  one-half 
hour.  Exposed  finished  excavated  shale  surfaces 
shall  be  kept  moist  at  all  times  to  prevent  evap- 
oration of  the  natural  moisture  in  the  material 
and  shall  be  protected  from  freezing. 

Surfaces  to  be  coated  shall  be  cleaned  of  all 
loose  material,  dirt,  dust,  mud,  standing  water, 
and  other  foreign  matter.  Coatings  of  protective 
material  shall  not  be  applied  when  the  air  temper- 
ature is  below  35°  F.,  nor  during  other  ad- 
verse weather  as  determined  by  the  contracting 
authority.  Temporary  protective  coverings,  at 
the  contractor's  expense  and  as  approved  by  the 
contracting  authority,  will  be  permitted,  if  nec- 
essary, until  the  permanent  protective  coatings 
are  applied.  Protective  coatings  damaged  by 
frost,  heat,  traffic,  or  other  causes  shall  be  re- 
moved and  replaced  or  repaired  at  the  expense 
of  and  by  the  contractor  as  directed,  including 
the  cost  of  removal  of  any  frost  or  other  dam- 
aged foundation  material  below  such  protective 
coatings  and  replacement  with  compacted  earth 
material  or  concrete  as  applicable.  Protective 
coatings  shall  be  covered  with  structural  concrete 
or  filter  blanket  material  as  soon  as  practicable, 
and  in  no  event  shall  the  protective  coatings  be 
left  exposed  for  a  period  exceeding  30  days. 

(b)  Sprayed  Protective  Coating. — Sprayed  pro- 
tective coatings  shall  be  applied  to  the  following 
finished  excavated  surfaces:  A  sprayed  protective 
coating  of  bituminous  material  shall  be  applied  to 
finished  excavated  surfaces  by  methods  approved 
by  the  contracting  authority.  Material  for 
sprayed  protective  coating  shall  be  furnished  by 
the  contractor  and  shall  be  asphalt  cutback,  Des- 
ignation RC-1,  in  accordance  with  Federal  Spec- 
ification SS-A-671a.  The  coating  shall  be  applied 
to  a  thickness  of  one-sixteenth  inch  in  such  a 
manner  that  a  uniform  coating  will  be  produced 
which  will  protect  the  finished  excavated  surface 
from  the  air. 

If  found  necessary  to  protect  sprayed  protec- 
tive coatings  temporarily,  the  contractor  at  his 
own  expense  will  be  permitted  to  dust  the  coat- 
ing with  dry  cement  or  protect  the  coating  by 
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other  approved  means  Pro  'I'd,  Thai  all  such 
protection  is  removed  wrhere  practicable,  as  ap- 
proved by  the  contracting  authority,  before  the 

n\  ,■[  \\  ing   material   is   placed. 

(c)  Conerett  ProiecUvt  Coating,  A  protective 
coating  of  concrete  shall  be  applied  to  the  follow- 
ing finished  excavated  shale  Burfacea:  Concrete 
shall  be  applied  bo  that  the  contact  surface  is  cc 

cied    In  a   depth   of  2   inches  above   (he   minimum 

excavation  lines  shown  on  the  drawings  or  estab- 
lished h\  the  contracting  authority ,     The  concrete 

shall  conform  to  the  applicable  provisions  speci- 
fied   in    part    I)    of    this   appendix.      The    exposed 

surfaces  of  concrete  protective  coating  shall  be 
considered  as  a  construction  joint  and  as  such 
shall  receive  the  Bame  treatment  required  by  the 
provisions  of  Bection  (>  57  (Preparation  for  Plac- 
ing) prior  to  placement  of  structural  concrete  on 
the  concrete  protective  coating.     Either  water  or 

membrane  Curing  may  be  Used  On  concrete  pro- 
tective coating,  hut  if  membrane  curing  is  used, 
sealing  compound  shall  be  removed  by  approved 

methods  at  the  contractor's  expense  before  place- 
ment of  structural  concrete.  The  method  of 
placing  the  concrete  shall  he  subject  to  the 
approval  of  the  contracting  authority.  Concrete 
for  protective  Coating  shall  contain  Vmch  maxi- 
mum size  aggregate. 

(d)  Measurement  and  Payment.  Measurement, 
for  payment,  of  sprayed  protective  coating  and  of 
concrete  protective  coating  will  be  made  of  the 
number  of  square  yards  of  area  actually  coated  at 
the  direction  of  the  contracting  authority.  Pay- 
ment for  sprayed  protective  coating  will  be  made 
at  the  unit  price  per  square  yard  bid  therefor  in  the 
schedule,  which  unit  price  shall  include  the  eost  of 
all  work,  equipment  and  materials  required  for 
application  of  sprayed  protective  coating.  Xo 
payment  will  be  made  for  cement  used  to  dust 
-prayed  protective  coating.  Payment  for  concrete 
protective  coating  will  be  made  at  the  unit  price 
per  square  yard  hid  therefor  in  the  schedule,  which 
unit  price  shall  cover  only  the  eost  of  the  additional 
work  required  for  placing  concrete  protective 
coating,  since  concrete  placed  for  protective 
coating  will  be  included  for  payment  in  the  item  of 
the  schedule  for  concrete  in  the  structure  involved. 
Payment  for  cement  used  in  concrete  protective 
coating  will  be  made  at  the  unit  price  per  barrel 
bid    in    the   schedule   for   furnishing  anil   handling 

cement. 

i- 1. -,.-,6  0—60 37 


G-16.    Borrow  Areai.  "I         All    mate- 

rial- required  for 

Construction  of  dam  embankment  zones 

,  and 
Pen  ious  backfill. 

bich  are  not   available  from  excavations  re- 
quired  for  permanent   construction   under  tl 
specifications),   shall    be   obtained    from    borrow 

areas  ,  ,    and  shown 

on  drawing  \  "  'Die  location  and  extent 

of  all  borrow    pita  within  borrow    areas  shall  be 

directed     The  contracting  authority  reserves  the 

right  to  change  the  limits  or  location  of  borrow  pits 
within  the  limits  of  the  borrow  area-  in  order  to 
obtain  suitable  material  and  to  minimize  Btripping 
operations. 

The  contracting  authority  will  designate  the 
depths  of  CUt  in  all  parts  of  the  borrow  pits,  and 
the  cuts  shall  be  made  to  such  designated  depths. 
The  earthfill  material  delivered  on  the  dam  em- 
bankment shall  be  equivalent  to  a  mixture  of 
materials  obtained  from  an  approximately  uni- 
form cutting  from  the  full  height  of  the  designated 
face  of  the  borrow-pit  excavation.  '(Shallow 
cuts  will  be  permit  led  in  borrow  areas  and 

if  unstratified  materials  with  uniform  w  ater 
content  are  encountered.)  The  type  of  equipment 
used  and  the  contractor's  operations  in  the  exca- 
vation of  materials  in  borrow  pits  shall  be  such 
as  will  produce  the  required  uniformity  of  mixture 
of  the  materials  at  the  borrow  pits. 

The  contractor  shall  be  entitled  to  no  additional 
allowance  above  the  unit  prices  bid  in  the  schedule 
on  account  of  any  changes  ordered  by  the  contract- 
ing authority  in  the  amounts  of  materials  to  be 
ired  from  any  borrow  area,  or  on  account  of 
the  designation  by  the  contracting  authority  of  the 
various  portions  of  the  borrow  area-  from  which 
materials  are  lo  be  obtained,  or  on  account  of  the 

depths  of  cut  which  are  required  to  be  made 

Should  any  borrow  pit  be  opened  near  the  dam 
embankment  and  below  the  elevation  of  normal 
water  surface  in  the  reservoir,  berms  not  less  than 
feet  wide  shall  be  left  between  the  toe  of 
the  dam  embankment  and  the  edge  of  the  borrow 
pit.  with  a  slope  of  4:1  to  the  bottom  of  the 
borrow  pit  Kvavated  surfaces  of  borrow  pits 
above    the   normal    water  surface   shall    be   graded 
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to  slopes  not  steeper  than and  other  ex- 
cavated   borrow-pit   surfaces   shall   be  graded  to 

slopes  not  steeper  than Borrow  pits  shall 

be  operated  so  as  not  to  impair  the  usefulness  or 
mar  the  appearance  of  any  part  of  the  work  or 
any  other  property  of  the  contracting  authority. 
The  surfaces  of  wasted  material  shall  be  left  in  a 
reasonably  smooth  and  even  condition. 

(b)  Embankment      Materials. — Materials       for 

earthfill,  zone and 

portions  of  the  dam  and   

embankments,  shall  be  obtained  from  excavation 
in  open  cut  for  permanent  construction  required 
under  these  specifications  and  from  borrow  areas 
, ,  and 

Materials  for  sand  and  gravel  fill,  zone 

and   portions  of  the  dam 

and    embankments,    shall 

be  obtained  from  excavation  in  open  cut  for 
permanent     construction    required    under    these 

specifications    and    from    borrow    areas    , 

,  and 

Materials    for    sand,    gravel,    and    cobble-fill, 

zone and portions 

of  the  dam  and embank- 
ments, shall  be  obtained  from  excavation  in  open 
cut   for  permanent    construction   required   under 

these  specifications  and  from  borrow  areas , 

, and  

Materials  for  bedding  for  riprap  may  be  ob- 
tained from  excavation  in  open  cut  for  permanent 
construction  required  under  these  specifications 
and    from    borrow    areas     ,    ,    and 


Materials  for  selected  surfacing  may  be  obtained 
from  borrow  areas , ,  and 

(c)  Moisture  and  Drainage. — The  water  content 
of  the  earthfill  material  prior  to  and  during  com- 
paction shall  be  in  accordance  with  subsection  (d) 
of  section  G-21  (Earthfill  in  Dam  Embankment). 
As  far  as  practicable,  the  material  shall  be  con- 
ditioned in  the  borrow  pits  before  excavation.  If 
required,  moisture  shall  be  introduced  into  the 
borrow  pits  for  the  earthfill  material  by  irrigation, 

at  least    days  in  advance  of   excavation 

operations,  *(or  at  the  option  of  the  contractor, 
moisture  may  be  added  at  the  separation  plant). 
When  moisture  is  introduced  into  the  borrow  pits 
for  earthfill  material  prior  to  excavation,  care 
should    be    exercised    to    moisten    the    material 
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uniformly,  avoiding  both  excessive  runoff  and 
accumulation  of  water  in  depressions.  If  at  any 
location  in  the  borrow  pits  for  earthfill  material, 
before  or  during  excavation  operations,  there  is 
excessive  moisture,  as  determined  by  the  contract- 
ing authority-,  steps  shall  be  taken  to  reduce  the 
moisture  by  selective  excavation  to  secure  the 
materials  whose  moisture  content  is  closest  to 
optimum;  by  excavating  drainage  ditches;  by 
allowing  adequate  time  for  curing  or  drying;  or 
by  any  other  approved  means.  Borrow  pits  for 
sand  and  gravel  and  cobble-fill  material  will  not 
require  preconditioning  by  irrigation  but  may 
require  draining.  The  contractor,  at  his  option, 
may  excavate  sand  and  gravel  and  cobble-fill 
material  under  water:  Provided,  That  the  con- 
tractor shall  be  entitled  to  no  additional  allowance 
above  the  unit  prices  bid  in  the  schedule  on  account 
of  delays  due  to  poor  trafficability  in  the  borrow 
area  or  on  the  embankment  or  any  other  diffi- 
culties due  to  overly  wet  conditions  resulting  from 
such  operations. 

To  avoid  the  formation  of  pools  in  borrow  pits 
during  the  excavation  operations  or  in  borrow  pits 

above    elevation     after    the    excavation 

operations  are  completed,  drainage  ditches  from 
borrow  pits  to  the  nearest  outlets  shall  be  ex- 
cavated by  the  contractor  where,  in  the  opinion 
of  the  contracting  authority,  such  drainage  ditches 
are  necessary. 

Xo  direct  payment  will  be  made  for  irrigation 
of  borrow  areas,  *(for  addition  of  moisture  at 
separation  plant),  for  excavating  drainage  ditches, 
or  for  any  other  operations  necessary  to  properly 
condition  the  material;  and  the  entire  cost  of  such 
irrigation  *(addition  of  moisture),  excavation,  or 
other  operations,  shall  be  included  hi  the  unit 
price  per  cubic  yard  bid  in  the  schedule  for  ex- 
cavation in  borrow  areas. 

(d)  Stripping  and  Waste. — Borrow-pit  sites  shall 
be  cleared  as  provided  in  section  G-2  (Clearing). 
Borrow  pits  will  be  designated  by  the  contracting 
authority  as  the  work  progresses,  and  stripping 
operations  shall  be  limited  only  to  designated 
borrow  pits.  The  contractor  shall  carefully  strip 
the  sites  of  designated  borrow  pits  of  topsoil, 
sod,  loam,  and  other  matter  which  is  unsuited 
for  the  purposes  for  which  the  borrow  pit  is  to  be 
excavated.  The  contractor  shall  maintain  the 
stripped  surfaces  of  borrow  pits  free  of  vegetation 
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until  excavation  operations  in  that  borrow  pit  are 
completed,  and  the  contractor  shall  be  entitled 
to  iii)  additional  allowance  above  the  anil  prices 
hid  in  the  schedule  because  of  this  requirement. 
•  Materials  from  stripping  which  arc  suitable  for 
topsoil  for  seeding  shall  be  selected  during  stripping 

Operations  and  stockpiled  adjacent  to  borrow 
areas  for  future  use.)  Materials  from  Btripping 
'(which  are  not  suited  for  topsoil  for  Beeding) 
shall  be  disposed  <>f  in  exhausted  borrow  pits,  or 
in  approved  areas  adjacent  to  borrow  pits,  or  as 
provided  in  section  (i  19  (Disposal  of  Excavated 
Material 
Measurement,  for  payment,  of  stripping  borrow 

pits  will  be  made  in  excavation  and  will  include 
onl\  the  Btripping  in  locations  and  to  the  depths 
is  directed  l>\  the  contracting  authority.  Pay- 
ment for  stripping  borrow  pits  and  disposal  of 
materials  from  such  Btripping  will  be  made  at  the 
unit  price  per  cubic  yard  bid  in  the  schedule  for 
excavation,  Btripping  borrow    pits,   *(which  unit 

price  shall  include  the  COSt  of  selecting  and 
placing  topsoil  in  Stockpiles  in  locations  adjacent 
U)  the  borrow  areas,  as  directed).  If  materials 
unsuitable  or  not  required  for  permanent  con- 
struction purposes  nre  found  in  any  borrow  pit, 
such  materials  shall  be  left  in  place  or  excavated 
and  wasted,  as  directed,  and  payment  for  such 
excavation  and  disposal  of  unsuitable  or  excess 
materials  will  be  made  at  the  unit  price  per  cubic 
yard  bid  in  the  schedule  for  excavation.  Stripping 
borrow   pits. 

Separation7.     Materials       from        borrow 

areas shall   be  separated  before  placement 

in  dam  embankment,  zone  or and 

The    contractor    shall 

Construct     separation    plant    facilities    which    will 

separate  cobbles,   boulders,  and   rock  fragments 

having  maximum  dimensions  greater  than    

inches  from  all  other  material.     Material 

inches  or  less  in  maximum  dimensions  shall  be 

placed  in  dam  embankment  /.one    or , 

and  cobbles,  boulders,  and  rock  fragments  having 

maximum  dimensions  greater  than   shall 

be    placed    in  :     Provided, 

That      cobbles,      boulders,     and      rock      fragments 

larger  than     inches  in  maximum  dimen- 
sions shall  be  placed  in  the  outer  slopes  of 
or    shall    be    embedded    in    that 


/.one.  so  as  not  to  interfere  with  the  compaction 
operat  ions 

The  cost  of  separation  a-  described  in  this 
Bubsection  thai]  be  included  in  the  applicable 
unit  price  per  cubic  yard  bid  in  the  schedule  for 

excavation    in    borrow     areas  and 

leparat  ion,  and  transport  a  i  ion  tenia  m  embankment. 

Measurement  <""/  Payment      Measurement, 

for  payment,  <>f  excavation  in  borrow  areas  w  ill  be 

made    in    excavation    only    and    to    the   excavation 

lines  prescribed  by  tin'  contracting  authority. 
Payment    for  excavation    iii   borrow  and 

transportation  to  dam  embankment,  *  and  for 
excavation  in  borrow  area--,  separation,  and  trans- 
portation to  dam  embankment),  will  be  made  at 

the  applicable  unit  prices  per  cubic  yard  bid  there- 
for in  the  schedule.  Except  as  provided  in  sub- 
section (d)  above,  the  above  unit  prices  -dia.11 
include  the  entire  cost  of  irrigation,  *  (addition  of 
moisture  at  separation  plant  i.  drainage,  and  of 
all  other  operations  required  by  this  section. 
All    materials    from    borrow     pits    placed    in    dam 

embankment,   zones,.    ,   in 

and  in  backfill  will  again  be  included  for  payment 
under  the  applicable  items  of  the  schedule  for 
placing  such  earthwork. 

If  the  contractor  elects  to  obtain  concrete 
gregates,  gravel  for  drains , 

or  other  materials  for  which  the  cosl  of  furnishing 
or  procuring  is  included  in  Other  items  of  work,  no 
payment  will  be  made  for  Btripping  or  excavation 
of  such  materials  obtained  from  borrow  an 
The  contractor  shall  keep  his  operations  for  the 
production  of  these  materials  separate  and  distinct 
from  his  other  borrow  area  operations. 

G-1 7.    Rock    Deposits    (Rock    to    be    Furnished    by 

Contractor).     Rock  fragments  of  the  quality  and 

gradations  specified   herein  shall   be   furnished   by 
the  contractor  for  use  in   bedding  for  riprap   and 
riprap  to  be  placed  and  stockpiled  and   for  other 
permanent    construction    required    under    tl 
specifications. 

(a)  Quality.  The  rock  fragments  shall  met 
the  following  requirements  as  to  quality: 

Individual  rock  fragments  shall  be  dense, 
sound,  and  resistant  to  abrasion  and  shall  be  free 
of  cracks.  Beams,  and  other  defects  that  would 
tend  to  increase  unduly  their  destruction  by 
water  and  frost  act  ions. 
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(2)  Samples  prepared  in  accordance  with  ap- 
plicable designations  of  the  Bureau  of  Reclamation 
Concrete  Manual,  sixth  edition,  shall  meet  the 
following  requirements  when  tested  by  the  proce- 
dures described  in  the  respective  designations. 


Test 

Designation 

Requirements 

Specific     gravity     (saturated 

10 

Greater  than. 

surface-dry  basis). 

Soundness     (sodium     sulfate 

19 

Less  than  10  percent   loss  of 

method). 

weight  after  5  cycles. 

Abrasion  (using  Los  Angeles 

21 

Less  than  35  percent  loss  of 

machine  grading  A). 

weight    after    500    revolu- 
tions. 

Samples  of and 8  from  the  following 

locations  have  been  tested  and  found  suitable: 
(List  locations.) 

Bidders  and  the  contractor  are  cautioned  that 
the  above-mentioned  deposits  may  be  variable  in 
quality  and  the  sizes  and  quantity  of  rock  frag- 
ments that  may  be  obtained  from  any  source  is 
unknown.  The  contractor  will  be  responsible  for 
furnishing  suitable  rock  fragments,  for  making 
necessary  arrangements  with  property  owners  for 
right-of-way,  and  for  payment  of  required  royal- 
ties. 

(b)  Gradations. — Rock  fragments  shall  be  rea- 
sonably well  graded  to  size  or  volume  to  meet 
requirements  as  follows: 

(1)  Riprap  materials  shall  be  graded  as  follows: 


Nominal  thick- 

Gradation, percentage  of  stones  of  various  weights 
(pounds) 

ness,  inches 

Maximum 
size 

25  percent 
greater  than 

45  to  75  per- 
cent from 
—  to  — 

25  percent 
less  than  ' 

Xote.— Gradation  should  be  determined  in  accordance  with  table  17  (ch.  V) 

I  1 ! ! 

1  Sand  and  rock  dust  to  be  less  than  5  percent. 

(2)  Bedding  for  riprap  material  shall  consist  of 
rock  fragments  reasonably  well  graded  from  %6 
inch  to  3%  inches  in  size. 

(c)  Sampling  and  Testing. — The  contractor  shall 
furnish,  to  the  contracting  authority  at  the  dam- 
site,  without  cost,  such  samples  of  rock  fragments 
for  testing  as  may  be  required  by  the  contracting 
authority  from  proposed  quarry  sites  and  from 
rock  fragments  delivered  to  the  damsite.  The 
contracting  authority  reserves  the  right  to  make 


inspections  of  quarry  sites  and  quarries.  The 
approval  of  some  rock  fragments  from  a  particular 
quarry  site  shall  not  be  construed  as  constituting 
the  approval  of  all  rock  fragments  taken  from  that 
quarry,  and  the  contractor  will  be  held  responsible 
for  the  specified  quality  and  gradation  of  rock 
fragments  delivered  to  the  damsite.  All  rock 
fragments  not  meeting  the  requirements  of  these 
specifications,  as  determined  by  tests  and/or  in- 
spection at  the  quarries  and  damsite,  will  be 
rejected. 

G-1  8.  Rock  Source  (Source  Furnished  by  Contract- 
ing Authority). — All  rock  materials  required  for 
construction  of: 

(1)   ,  and 

(2)    

shall  be  secured  from  the  rock  source  shown  on 

drawing  No.   All  operations  within  the 

rock  source  shall  be  subject  to  approval.  The 
contracting  authority  reserves  the  right  to  desig- 
nate the  locations  of  excavations  within  the  limits 
of  the  rock  source  in  order  to  obtain  suitable  rock 
materials  for  construction  purposes.  The  portions 
of  the  rock  source  to  be  excavated  shall  be  cleared 
as  provided  in  section  G-2  (Clearing)  and  shall  be 
stripped  of  all  overburden  and  loose,  soft,  disin- 
tegrated rock  as  directed. 

The  contractor  shall  produce,  by  excavation  in 
rock  source  and  selection  of  processing,  sufficient 
suitable  rock  fragments  reasonably  well  graded, 
as  determined  by  the  contracting  authority,  up 

to    inches   in   maximum    dimensions    for 

construction  of  *(rock  fines  fill  in  dam  embank- 
ment, pervious  backfill,  and  bedding  for  riprap). 
The  contractor  shall  also  produce  by  excavation 
in  rock  source  and  selection  or  processing  sufficient 
suitable  rock  fragments  reasonably  well  graded, 
as  determined  by  the  contracting  authority,  up 

to cubic  yards  in  volume  for  construction  of 

*(rockfill  in  dam  embankment  and  riprap). 
The  type  of  equipment  used  and  the  contractor's 
operations  in  the  rock  source  shall  be  such  as  will 
produce  the  required  gradations  of  rock  fragments 
at  the  rock  source. 

All  suitable  rock  fragments  shall  be  transported 
to  points  of  final  use,  and  all  excavated  materials 
unsuitable  or  in  excess  of  requirements  for  con- 
struction purposes  shall  be  disposed  of  in  excava- 
tions in  rock  source  or  as  directed. 


8  Designate  rock  types,  for  example  granite  and  limestone. 


•Revise  or  delete  as  appropriate. 
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The  cost  of  all  work  described  in  thi<  section 
including  clearing  and  stripping  rock  source  shall 
be  included  in  the  anil  prices  per  cubic  yard  l>i<l 
in  the  sechdule  for  items  of  construction  in  which 
the  rock  fragments  are  used. 

G-19.  Disposal  of  Excavated  Material.      So  far  as 

practicable,  as  determined  bj  the  contracting 
authority,  all  suitable  materials  from  excavation 
required  under  these  specifications  Bhall  be  used 
m  the  permanent  construction  as  provided  in 
subsection  (<•)  of  section  ».  6  Open-Cut  Excava- 
tion, General).  Excavated  materials  that  are 
unsuitable  for  or  are  in  excess  of  permanent 
construction  requirements  Bhall  be  wasted.  The 
disposal  of  idl  excavated  materials  that  are  to  he 
Wasted    shall    he    Bubject     to    the    approval    of    the 

contracting  authority,  hut  the  contractor  will  not 

he  required   to  haul  materials  to  he  wasted   more 

than    feet    along    the    most    practicable 

routes  to  the  designated  disposal  an 


te  piles  shall  he  located  where  they  will  not 
interfere   harmfully    with    the   natural   flow    of   the 

stream,  with  the  operation  of  the  reservoir,  or 

with  the  How  of  water  to  or  from  the  spillwa\  or 
outlet    works,   and   where  they   will   neither  detract 

from  the  appearance  of  the  completed  project  nor 
interfere  with  the  aocessibilitj  of  the  structures 
for  operation.  nated   for   disposal 

of  waste   material   from   e\<a\ation   are  shown   on 

drawings    Mo  and  .)     Where 

quired,  waste  piles  shall  hi'  leveled  and  trimmed  to 
onably  regular  lines. 
The  cost   of  transporting  excavated  materials 

from    excavations    to    disposal    area-    or    to    points 

of  final  use,  including  stockpiling  and  rehandling, 
if  required,  and  of  disposing  of  all  excavated 
materials  that  are  wasted,  as  provided  in  this 
Bection,  shall  he  included  in  the  unit  price-  per 
Cubic  yard  hid  in  the  schedule  for  excavation. 


B.     EMBANKMENT 


G~20.   Embankment    Construction,    General.      vOT 

the  purpose  of  these  specifications,  the  term  "dam 
embankment"  includes  all  portions  of  the  dam 
embankment  as  follow  - 

(1)  The  earthfill  portions  designated  on  the 
drawings 

J      I  sand     and     gravel     fill     portions 

designated  on   the  drawn  . 

(3)  The     sand,     gravel,     and     cohhle     fill 
portions  designated  on  the  drawings. 

(4)  The    miscellaneous   fill    portion-   desig- 
nated   on    the    drawings. 

The  rockfill  portions  designated  on  the 
drawings 

(6)  The  crushed-rock  or  gravel  bedding  for 
riprap  and   the  riprap  on  the  upstream  slope 

of  the  dam  embankment. 

(7)  The    seeded     topsoil     cover    on    down- 
Btream  slope  of  the  dam  eiiihankment. 

(8)  Selected   surfacing  on   the  crest   of  the 
dam  embankment. 

The  embankment  shall  he  constructed  to  the 
lines  and  grades  shown  on  the  drawings:  Provided, 
That  the  slopes  of  the  division  lines  between  /ones 
or  portions  of  the  emhankment  are  tentative  anil 


shall  he  suhject  to  variation,  at  any  time  prior  1m 
or  during  construction,  and  the  contractor  shall 
he  entitled  to  no  additional  allowance  ahove  the 
unit  prices  hid  in  the  schedule  hy  reason  of  such 
variation.  \o  brush,  root-,  sod,  or  other  perish- 
able or  unsuitable  materials  shall  he  placed  in  the 
emhankment.  The  suitahility  of  each  part  of  the 
foundation  for  placing  emhankment  materials 
thereon  and  of  all  material-  for  use  in  embank- 
ment construction  will  he  determined  hy  the  con- 
tracting authority.  No  emhankment  material 
shall  he  placed  in  the  emhankment  when  either 
the  material  or  the  foundation  or  embankment  on 
which  it  would  he  placed  is  frozen.  The  contractor 
shall  maintain  the  emhankment  in  an  approved 
manner  until  the  final  completion  and  acceptance 
of  all  of  the  work  under  the  contract.  The  em- 
hankment for  each  portion  shall  he  maintained 
approximately  level   throughout    the  entire  length 

of  each  layer  from  abutment  to  abutment.  All 
openings  through  the  dam  emhankment  required 
for  construction  purposes  shall  he  suhject  to  ap- 
proval, and  such  openings,  if  approved,  shall  he 
Constructed  so  that  the  slope  of  the  bonding  sur- 
face between  emhankment   in   place  and  einhank- 
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ment  to  be  placed  is  not  steeper  than  4:1.  The 
bonding  surface  of  the  embankment  in  place 
shall  be  prepared  as  provided  for  embankment 
foundations. 

Each  load  of  the  material  placed  in  the  embank- 
ment, whether  from  excavation  for  other  parts  of 
the  work  or  from  borrow  pits,  shall  be  placed  in 
the  location  designated  by  the  contracting  author- 
ity *  (regardless  of  the  classification  of  the  excava- 
tion) and  the  contractor  shall  be  entitled  to  no 
additional  allowance  above  the  unit  prices  bid 
in  the  schedule  on  account  of  this  requirement. 
All  portions  of  the  embankment,  whether  con- 
structed of  materials  excavated  for  other  parts 
of  the  work  or  from  borrow  pits,  will  be  measured 
and  paid  for  in  embankment  after  being  compacted, 
if  compacting  is  required.  *  (Except  for  riprap 
on  the  upstream  slope  of  the  dam  embankment 

and  for ),  the  payment  for 

placing,  moistening,  and  compacting  will  be  in 
addition  to  the  payment  made  for  the  excavation, 
*  (separation),  and  transportation  of  the  required 
materials.  Payment  for  excavation  and  transpor- 
tation of  materials  shall  include  the  cost  of  re- 
handling  excavated  materials  deposited  tem- 
porarily in  stockpiles.  It  may  be  feasible  to  trans- 
port a  *  (large)  portion  of  the  materials  which  are 
excavated  for  other  parts  of  the  work  and  which 
are  suitable  for  embankment  construction,  directly 
to  the  embankment  at  the  time  of  making  the 
excavations,  but  the  contractor  shall  be  entitled  to 
no  additional  compensation  above  the  unit  prices 
bid  in  the  schedule  by  reason  of  it  being  necessary, 
as  determined  by  the  contracting  authority,  that 
such  excavated  materials  be  deposited  in  tem- 
porary stockpiles  prior  to  being  placed  in  the  em- 
bankment. 

G-21.  Earthfill  in  Dam  Embankment. — (a)  Gen- 
eral.— The  earthfill  portions  of  the  dam  embankment 
and  earthfill  placed  for  structure  foundations 
shall  be  constructed  in  ac- 
cordance with  the  provisions  of  this  section. 

(b)  Preparation  of  Foundations. — No  material 
shall  be  placed  in  any  section  of  the  earthfill 
portions  of  the  dam  embankment  until  the  founda- 
tion for  that  section  has  been  dewatered  and 
suitably  prepared  and  has  been  approved  by  the 
contracting  authority.  All  portions  of  excava- 
tions made  for  test  pits  or  other  subsurface  in- 
vestigations, and  all  other  existing  cavities  found 
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within  the  area  to  be  covered  by  earthfill  which 
extend  below  the  established  lines  of  excavation  for 
dam  embankment  foundation,  shall  be  filled  with 
compacted  earthfill  material  as  herein  specified  for 
earthfill  in  embankment,  and  payment  therefor 
will  be  made  as  provided  for  earthfill  in  subsection 
(h).     The  foundation,   *  (except  rock,  shale,  and 

surfaces),  for  the  earthfill  shall  be 

prepared  by  leveling  and  rolling  so  that  the  surface 
materials  of  the  foundation  will  be  as  compact  and 
well  bonded  with  the  first  layer  of  the  earthfill  as 
herein  specified  for  the  subsequent  layers  of  the 
earthfill.  *(A11  shale  and founda- 
tion surfaces  shall  be  protected  from  air-slaking 

and  freezing  by  leaving feet  temporary 

cover  of  unexcavated  material.  Finish  excavation 
shall  be  made  to  remove  such  temporary  cover,  and 

rock,  shale,   and   )     Surfaces  upon 

or  against  which  the  earthfill  portions  of  the  dam 
embankment  are  to  be  placed  shall  be  cleaned  of 
all  loose  and  objectionable  materials  in  an  ap- 
proved manner  by  hand  work  or  other  effective 
means  immediately  prior  to  placing  the  first  layer 
of  earthfill.  The  surfaces  of  each  portion  of  the 
foundation,  immediately  prior  to  placing  the 
earthfill,  shall  have  all  water  removed  from  de- 
pressions and  shall  be  properly  moistened  and 
sufficiently  clean  to  obtain  a  suitable  bond  with 
the  earthfill. 

(c)  Materials. — The  earthfill  portion  (s)  of  the 
dam  embankment  shall  consist  of  a  mixture  of 

the , ,  and 

available  from  excavations  required  for  the  dam 
and  appurtenant  works  or  from  borrow  pits  in 
borrow  areas , ,  and 

The  contractor's  operations  in  the  excavation  of 
the  materials  for  the  earthfill  shall  be  in  accord- 
ance with  section  G-16  (Borrow  Areas). 

(d)  Moisture  Control. — The  water  content  of  the 
earthfill  material  prior  to  and  during  compaction 
shall  be  distributed  uniformly  throughout  each 
layer  of  the  material.  The  allowable  ranges  of 
placement  water  content  are  based  on  design  con- 
siderations. In  general,  the  average  placement 
water  content  will  be  required  to  be  maintained 
at  the  Proctor  laboratory  standard  optimum  con- 
dition. This  standard  optimum  water  content  is 
defined  as,  "That  water  content  which  will  result 
in  a  maximum  dry  unit  weight  of  the  soil  when 
subjected  to  the  Proctor  compaction  test." 


•Revise  or  delete  as  appropriate. 
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The  Proctor  compaction  testa  will  be  made  by 
the  contracting  authority  The  teste  can  !><•  made 
l)\  the  Bureau  of  Reclamation  procedure  using  a 
"i  compaction  mold,  <>r  by  A.STM 
Designation  D  898  12T  or  the  Btandard  AASHO 
T  99  19  method,  both  using  a  tfo-cubic-foot 
compaction  mold. 

\  fin  n-  practicable,  the  material  Bhall  be 
brought  to  the  proper  water  contenl  in  the  borrow 
pit  before  excavation,  as  provided  in  Bubsection 
of  section  G  16  (Borrow  Areas).  Supplementary 
water,  if  required,  shall  lie  added  to  the  material 
l)\  Bprinkling  on  the  earthfil]  and  shall  be  mixed 
uniformly  throughout  the  layer. 

Placing.     The   distribution    and   gradation 
of  the  materials  throughout  the  earthfil]  shall  he 

as  directed,  and  shall  he  such  that  the  fills  will 
he  free  from  lenses,   pockets,  streaks,  or  layers  of 

material  differing  substantially  in  texture  or 
gradation  from  the  surrounding  material.  The 
combined  excavation  and  placing  operations  shall 

he  such  that  the  materials  when  compacted  in  the 
earthfiU  will  he  blended  sufficiently  to  secure  the 
best  practicable  degree  of  compaction  and  stability. 
Successive  loads  of  material  shall  he  dumped  on 
the  earthfiU  so  a-  to  produce  the  best  practicable 
distribution  of  the  material,  subject  to  the  ap- 
proval of  the  contracting  authority,  and  for  this 
purpose  the  contracting  authority  may  designate 
the  locations  in  the  earthfiU  where  the  individual 
loads  shall  be  deposited.  The  most  impervious 
materials  shall  be  placed  in  the  central  upstream 
portion  of  the  earthfiU  and  the  more  pervious 
materials  shall  be  placed  BO  that  the  permeability 
of  the  fill  will  be  gradually  increased  toward  the 
upstream  and  downstream  slopes  of  the  earthfiU. 
Cobbles  and  rock  fragments  having  maximum 
dimensions  of  more  than  o  inches  shall  not  be 
placed  in  the  earthfiU.  Should  cobbles  and  rock 
fragments  of  such  size  be  found  in  otherwise 
approved  earthfiU  materials,  they  shall  be  re- 
moved by  the  contractor  either  at  the  site  of 
excavation,  *fat  the  separation  plant),  or  after 
being  transported  to  the  earthfiU  but  before  the 
materials  in  the  earthfiU  are  rolled  and  com- 
pacted. Such  cobbles  and  rock  fragments  shall 
be    placed    in    the  or 

portion (s)  of  the  dam  embankment  or  wasted  :i- 
approved  by  the  contracting  authority.  The 
material   shall    be    placed    in    the   earthfiU    in    con- 


tinuous,   approximately     horizontal    layers    not 

more  than  8  inches  in  thickness  after  being  rolled 

as  herein  specified. 

If.  in  the  opinion  of  the  contracting  authority, 

the    surface    of    the    prepared    foundation    or    the 

rolled  surface  of  any  layer  of  earthfiU   i-   t Iry 

or    smooth    to    bond    propeil\     with    the    layer    of 

material  to  be  placed  thereon,  it  shall  be  moistened 

and  or  worked  with  harrow,  scarifier,  or  other 
suitable  equipment,  in  an  approved   manner  i' 

sufficient  depth  t«>  provide  a  satisfactory  bonding 

surface  before  the  next  Bucceeding  layer  of  earth- 
fill  material  is  placed.  If,  in  the  opinion  of  the 
contracting  authority,  the  rolled  surface  of  any 
layer  of  the  earthfiU  in  place  is  too  wet  for  proper 
Compaction  of  the  layer  of  earlhfill  material  to  be 
placed  thereon,  it  shall  be  removed;  allowed  to 
dry;  or  be  worked  with  harrow,  scarifier,  or  other 
suitable  equipment  to  reduce  the  water  content 
to  the  required  amount;  and  then  it  shall  be 
reCOmpacted  before  the  next  succeeding  layer  of 
earthfiU  material  is  placed.  *(The  earthfiU  on 
each  side  of  the  concrete  cutoff  walls  shall  be 
kept  at  approximately  the  same  level  as  the 
placing  of  the  earthfil]  progresses,  and  the  walls 
shall  be  protected  carefully  against  displacement 
or  other-  damagi 

(f;  Roller 8.  Tamping  rollers  Bhall  be  used  for 
compacting  the  earthfiU.  The  rollers  shall  be 
furnished  by  the  contractor  and  shall  meet  the 
following  requirements: 

(1)  Roller  drums.  Bach  drum  of  a  roller 
shall  have  an  outside  diameter  of  not  lees 
than  5  feet  and  shall  be  not  less  than  4  feet 
nor  more  than  0  feet  in  length.  The  space 
between  two  adjacent  drums,  when  on  a 
level  surface,  shall  be  not  less  than  12  inches 
nor  more  than  15  inches.  Each  drum  shall 
be  free  to  pivot  about  an  axis  parallel  to  the 
direction  of  travel.  Kach  drum  shall  be 
equipped  with  a  suitable  pressure-relief  valve. 
2  Tamping  /'"/.  At  least  one  tamping 
foot  -hall  be  provided  for  each  100  square 
inches  of  drum  surface.  The  space  measured 
on  the  surface  of  the  drum,  between  the 
centers  of  any  two  adjacent  tamping  feet, 
shall  be  not  less  than  !>  inches.  The  length 
of  each  tamping  foot  from  the  outside  surface 
of  the  drum  shall  be  maintained  at  not  less 
than     9     inches.       Thi  3-sectionaJ     urea 
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of  each  tamping  foot  shall  be  not  more  than 
10  square  inches  at  a  plane  normal  to  the 
axis  of  the  shank  6  inches  from  the  drum 
surface,  and  shall  be  maintained  at  not  less 
than  7  square  inches  nor  more  than  10  square 
inches  at  a  plane  normal  to  the  axis  of  the 
shank  8  inches  from  the  drum  surface. 

(3)  Roller  weight. — The  weight  of  a  roller 
when  fully  loaded  shall  be  not  less  than  4,000 
pounds  per  foot  of  length  of  drum. 

The  loading  used  in  the  roller  drums  and 
operation  of  the  rollers  shall  be  as  required 
to  obtain  the  desired  compaction.     If  more 
than  one  roller  is  used  on  any  one  layer  of 
fill,  all  rollers  so  used  shall  be  of  the  same 
type  and  essentially  of  the  same  dimensions, 
as  determined  by  the  contracting  authority. 
Tractors  used  for  pulling  rollers  shall  have 
sufficient  power  to  pull  the  rollers  satisfac- 
torily when  drums  are  fuhV  loaded  with  sand 
and  water.     During  the  operation  of  rolling, 
the  contractor  shall  keep  the  spaces  between 
the   tamping   feet    clear   of   materials   which 
would  impair  the  effectiveness  of  the  tamping 
rollers, 
(g)   Rolling. — When  each  layer  of  material  has 
been  conditioned  to  have  the  required  moisture, 
as  provided  in  subsection   (d),  it  shall  be  com- 
pacted by  passing  the  tamping  roller,  as  specified 
above,  over  it  12  times.     If  the  water  content  is 
less  than  that  required,  the  rolling  shall  not  pro- 
ceed   except    with    the   specific    approval    of    the 
contracting  authority,  and,  in   that   event,  addi- 
tional rolling  shall  be  done,  as  directed  by  the 
contracting    authority,    to    obtain    the    required 
compaction,  and  no  adjustment  in  price  will  be 
made  therefor.     If  the  water  content   is  greater 
than  that  required,  the  material  may  be  removed 
and  stockpiled  for  later  use  or  the  rolling  shall  be 
delayed  until  such  time  as  the  material  has  dried 
so  that  it  contains  only  the  required  water  con- 
tent, and  no  adjustment  in  price  will  be  made  on 
account    of   any   operation   of   the   contractor   in 
removing  and  stockpiling  or  in  drying  the  mate- 
rials.    If,  with  the  required  water  content,  it  is 
found  desirable  to  roll  each  6-inch  layer  more  or 
less  than  12  times  to  obtain  the  required  compac- 
tion,   the   number   of   rollings   shall   be    changed 
accordingly,   as  directed  by  the  contracting  au- 
thorit}-,  and  adjustment  will  be  made  in  the  unit 
price  bid  for  earthfill  in  dam  embankment  in  the 


amount  of cent  per  cubic  j^ard  for  each 

additional  or  lesser  number  of  rollings  required. 

(h)  Measurement  and  Payment. — Measurement, 
for  payment,  of  earthfill  in  dam  embankment  will 
be  made  of  all  earthfill  compacted  in  place  by 
rollers  specified  in  subsection  (f)  to  the  established 
lines  and  grades,  including  refill  of  additional 
excavation  for  structure  foundations  ordered  by 
the  contracting  authority.  Payment  for  earthfill 
in  dam  embankment  will  be  made  at  the  unit 
price  per  cubic  yard  bid  therefor  in  the  schedule, 
which  unit  price  shall  include  the  cost  of  placing, 
wetting,  and  roller  compacting  the  earthfill  ma- 
terial in  the  dam  embankment :  Provided,  That  an 
adjustment  of  the  unit  price  bid  will  be  made  in 
each  case  in  which  it  is  required  that  the  contractor 
make  more  or  less  than  12  roller  passes  as  pro- 
vided in  subsection  (g).  Where  portions  of  the 
earthfill  in  dam  embankment  require  special  com- 
paction, payment  therefor  will  be  made  as  pro- 
vided in  section  G-22  (Specially  Compacted 
Earthfill). 

G-22.  Specially  Compacted  Earthfill. — Where 
compaction  of  earthfill  material  b}'  means  of  the 
roller  specified  for  use  on  the  dam  embankment 
is  impracticable  or  undesirable,  the  earthfill  shall 
be  specially  compacted  as  specified  herein  at  the 
following  locations: 

(1)  Portions  of  the  earthfill  in  dam  em- 
bankment adjacent  to  structures,  and  struc- 
ture and  embankment  foundations  shown  on 
the  drawings  as  specially  compacted  earthfill. 

(2)  Portions  of  the  earthfill  in  dam  em- 
bankment at  steep  and  irregular  abut- 
ments where  designated  by  the  contracting 
authority. 

(3)  Earthfill  placed  to  refill  additional  ex- 
cavation in  common  excavation  for  structure 
foundations. 

(4)  Earthfill  at  locations  designated  by  the 
contracting  authority  outside  the  limits  of 
the  dam  embankment. 

Specially  compacted  earthfill  material  shall 
conform  to  and  be  placed  in  accordance  with  the 
applicable  provisions  of  subsections  (b),  (c),  and 
(e)  of  section  G-21  (Earthfill  in  Dam  Embank- 
ment). When  each  layer  of  material  has  been 
conditioned  to  have  the  required  water  content  it 
shall  be  compacted  by  special  rollers,  mechanical 
tampers,  or  other  approved  methods;  and  all 
equipment  and  methods  used  shall  be  subject  to 
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approval.     The   water  control   and   compaction 
shall  be  equivalent  to  that  obtained  in  the  faith- 
fill  actually  placed  in  the  Wain  embankment   in 
accordance  with  Bubsectiona  (di  and  (g)  of 
tion  (i  21. 

Measurement,  for  payment,  <>f  specially  com- 
pacted earthfill  will  be  made  of  the  material 
Bpeciall)  compacted,  as  provided  in  this  section, 

to  the  established   lines  and  grades  and  as  shown 

on  the  drawings  Measurement,  for  payment,  of 
speciall}  compacted  earthfill  at  Bteep  and  irregular 
dam  abutments  shown  under  (b)  above,  will  be 
limited  to  a  thickness  of  -  feet  measured  hori- 
zontally from  the  average  contacts  where  prac- 
ticable, or  as  otherwise  determined  by  the 
contracting  authority.  Payment  for  specially  com- 
pacted earthfill  will  be  made  at  the  unit  price  per 

cubic    yard    bid    therefor    in    the    schedule,    which 

unit  price  shall  include  the  cost  of  placing,  moisten- 
ing, and  specially  compacting  the  earthfill  ma- 
terial. Payment  for  excavation  and  transporta- 
tion of  the  material  used  in  specially  compacted 
earthfill  will  he  made  at  the  unit  price  per  cubic 
yard  hid  in  the  schedule  for  excavation  of  the 
material. 

G-23.  Sand,  Gravel,  and  Cobble  Fill  in  Dam  Em- 
bankment.     'The     sand,     gravel,     and     cohhle     till 

portion (s)  of  the  dam  embankment  shall  be  con- 
structed of  selected  material  from  excavation  for 
permanent  construction  required  under  these 
specifications  and  suitable  material  from  borrow 
area  The  material  shall  consist   of  suit  - 

able  mixtures  of  sand,  gravel,  and  cobbles  and 
shall  be  placed  in  approximately  horizontal  layers 
not  to  exceed  12  inches  in  thickness  after 
compaction  by  four  passes  of  the  treads  of  a 
crawler  type  tractor  weighing  approximately  -10.000 
pounds.     One  pass  of  the  treads  is  defined  as  the 

required  Dumber  of  successive  tractor  trips  which. 
by  means  of  sufficient  overlap,  will  insure  com- 
plete coverage  of  an  entire  L 2-inch  layer  by  the 
tractor  tread-.  Second  and  Bubsequenl  passes  of 
the  treads  shall  not  he  made  until  each  pass,  BS 
defined     ahove.     i-    completed.       If    houlders    are 

present  in  the  material,  they  shall  be  embedded 
into  the  dam  emhankinent  -o  as  not  to  interfere 
with  compaction.  During  or  immediately  prior 
to  compaction,  the  material  shall  he  thoroughly 
wetted.  The  outer  slopes  shall  he  reasonably  true 
to  the  lines  and  grades  shown  on  the  drawings  or 
established   by   the  contracting  authority.     The 


contractor  -hall  he  entitled  to  no  additional 
allowance  ahove  the  unit  price-  hid  in  the  schedule 

on  account  of  delays  caused  bj  poor  trafficability 
in  l.orrow  area  or  on  the  dam  embankment 

oraii\  other  difficulties  due  to  overrj  wet  material 
The  it. -in  of  ili.-  Bchedule  for  -ami,  gravel  and 
cohl.le  fill  iii  dam  embankment  constructed  <>f 
material  from  required  excavation,  includes  only 
the  placing,  wetting  and  compacting  of  -elected 
material-  from  excavation  for  permanent  construc- 
tion required  under  these  specifications.  The 
item  of  the  schedule  for  excavating  material  in 

horrow  area  and  constructing  sand,  gravel, 

and    cohhle    fill     in     dam    emhankinent.     includes 

excai  ai  ing  suitable  material  in  horrow  area 
transporting  such  material  from  the  horrow  area 
to  the  dam  embankment,  and  placing,  wetting, 
and  compacting  such  materials  in  designated  areas 

of  the  dam  emhankinent .  Material-  covered  by 
each  of  the  ahove  items  shall  he  placed  in  separate 

designated  areas  of  the  dam  emhankinent  estab- 
lished by  the  contracting  authority  to  facilitate 
measurement. 

Measurement,  for  payment,  of  -and.  gravel,  and 
cohhle  fill  in  dam  emhankinent,  will  he  made 
separately  of  the  material  covered  by  each  of  the 

above  item-  compacted  in  place  in  the  separate 
designated  ana-  established  by  the  contracting 
authority.  Payment  for  sand,  gravel,  and  cohhle 
fill  in  dam  embankment  constructed  of  material 
from  required  excavation,  will  he  made  at  the 
unit  price  per  cubic  yard  bid  therefor  in  the 
schedule.  Payment  for  excavation  and  transpor- 
tation of  the  above  material  will  lie  made  at  the 
applicable  unit  prices  per  cubic  yard  hid  in  the 
schedule  for  excavation  for  the  permanent  con- 
struction involved.  Payment  for  excavating  ma- 
terial in  horrow  area  and  constructing  - 
gravel,  and  cohhle  fill  in  dam  emhankinent  will  he 
made  at  tin1  unit  price  per  cubic  yard  hid  therefor 
in  the  schedule. 

G-24.  Miscellaneous  Fill  in  Dam  Embank- 
ment. The  miscellaneous  till  portion  of  the 
dam  embankment  shall  he  constructed  as  herein 
specified  of  selected  material  from  excavation  for 
permanent    construction    required    under    these 

specifications.      The    material    shall    he    placed    in 

approximately    horizontal    layers    not    exceeding 

inches    ii      thickness    before    compaction. 
Successive  loads  of  the  material  shall  he  dumped 

-  to  secure  the  best   practicable  distribution 
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as  determined  by  the  contracting  authority.  The 
contractor  shall  route  his  hauling  equipment  over 
each  layer  of  fill  material  as  placed,  and  distribute 
the  travel  evenly  over  the  entire  width  of  the 
fill  so  as  to  obtain  the  maximum  amount  of  com- 
paction practicable.  The  material  shall  be  suffi- 
ciently moist  to  prevent  dusty  conditions  and 
sufficiently  dry  to  prevent  rutting.  The  outer 
slope  of  the  miscellaneous  fill  shall  conform  to  the 
lines  and  grades  shown  on  the  drawings  or  estab- 
lished by  the  contracting  authority. 

Measurement,  for  payment,  of  miscellaneous  fill 
in  dam  embankment  will  be  made  of  the  material 
compacted  in  place  in  the  embankment  to  the  lines 
and  grades  shown  on  the  drawings  or  established 
by  the  contracting  authority.  Payment  for  mis- 
cellaneous fill  in  dam  embankment  will  be  made 
at  the  unit  price  per  cubic  yard  bid  therefor  in  the 
schedule,  which  unit  price  shall  include  the  cost 
of  placing,  moistening,  and  compacting  the 
material,  and  all  other  operations  on  the  embank- 
ment necessary  for  the  completion  of  the  miscel- 
laneous fill  as  herein  specified. 

G-25.  Rockfill  in  Dam  Embankment  (Earthfill 
Dam). — The  rockfill  portion (s)  of  the  dam  em- 
bankment as  shown  on  the  drawings  shall  be  con- 
structed as  herein  specified  of  rock  fragments  from 
excavation  for  permanent  construction  and  from 
rock  source.  The  rockfill  material  shall  consist  of 
rock  fragments  reasonably  well  graded,  as  deter- 
mined by  the  contracting  authority,  up  to  1  cubic 
yard  in  volume.  Successive  loads  of  material 
shall  be  dumped  so  as  to  secure  the  best  practicable 
distribution  of  the  materials  as  determined  by  the 
contracting  authority.  To  the  extent  practicable, 
the  larger  rock  fragments  shall  be  placed  on  the 
outer  slopes,  and  the  smaller  rock  fragments  shall 
be  placed  next  to  the  inner  portions  of  the  dam 
embankment.  Rockfill  shall  be  placed  in  approxi- 
mately horizontal  layers  not  exceeding  3  feet  in 
thickness.  The  rock  fragments  need  not  be  hand 
placed  but  shall  be  dumped  and  roughly  leveled,  in 
a  manner  to  maintain  a  reasonably  uniform  sur- 
face and  insure  that  the  completed  fill  will  be  stable 
and  that  there  will  be  no  large  unfilled  spaces 
within  the  fill. 

Measurement,  for  payment,  of  rockfill  in  dam 
embankment  will  be  made  of  the  rockfill  in  place 
in  dam  embankment  to  the  lines  and  grades  shown 
on  the  drawings  or  established  by  the  contracting 
authority.     Payment  for  rockfill  in  dam  embank- 


ment will  be  made  at  the  unit  price  per  cubic  yard 
bid  therefor  in  the  schedule,  which  unit  price  shall 
include  the  entire  cost  of  placing  the  rock  frag- 
ments in  dam  embankment.  Payment  for  excava- 
tion and  transportation  of  the  rock  fragments  will 
be  made  at  the  unit  prices  per  cubic  yard  bid  in 
the  schedule  for  excavation  of  the  materials  used. 

G-26.  Riprap. — A  layer  of  riprap feet   in 

thickness  shall  be  placed  at  locations  shown  on  the 
drawings  and  elsewhere  as  directed.  All  riprap 
shall  be  obtained  from  the  riprap  source  shown  on 

drawing  Xo.   All  operations  within  the 

riprap  source  shall  be  subject  to  approval.  The 
contracting  authority  reserves  the  right  to  desig- 
nate the  locations  of  excavations  within  the  limits 
of  the  riprap  source  in  order  to  obtain  suitable  rock 
materials  for  construction  purposes.  The  portions 
of  the  riprap  source  to  be  excavated  shall  be  cleared 
as  provided  in  section  G-2  (Clearing)  and  shall  be 
stripped  of  all  overburden  and  loose,  soft,  disinte- 
grated rock  as  directed. 

The  contractor  shall  produce  by  excavation  in 
riprap  source  and  selection  or  processing  sufficient 
suitable  rock  fragments  reasonably  well  graded, 
as  determined  by  the  contracting  authority,  up  to 

pounds  in  weight  for  use  in  riprap.     The 

type  of  equipment  used  and  the  contractor's  oper- 
ations in  the  riprap  source  shall  be  such  as  will 
produce  the  required  gradations  of  rock  fragments. 

All  suitable  rock  fragments  shall  be  transported 
to  points  of  final  use,  and  all  excavated  materials 
unsuitable  or  in  excess  of  requirements  for  con- 
struction purposes  shall  be  disposed  of  in  excava- 
tions in  riprap  source  or  in  other  areas  within  the 
limits  of  the  riprap  source  as  directed. 

The  rock  fragments  in  riprap  need  not  be  com- 
pacted but  shall  be  dumped  and  graded  off  in  a 
manner  to  insure  that  the  larger  rock  fragments 
are  uniformly  distributed  and  that  the  smaller 
rock  fragments  serve  to  fill  the  spaces  between  the 
larger  rock  fragments  in  such  a  manner  as  will 
result  in  compact  uniform  layers  of  riprap  of  the 
specified  thicknesses.  Hand  placing  will  be  re- 
quired only  to  the  extent  necessary  to  secure  the 
results  specified  above. 

Measurement,  for  payment,  of  riprap  will  be 
made  of  the  riprap  in  place  to  the  lines  shown 
on  the  drawings  or  as  established  by  the  con- 
tracting authority  and  on  the  basis  of  the  pre- 
scribed thicknesses.  Payment  for  procuring  and 
placing  riprap  will  be  made  at  the  unit  price  per 
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cubic  yard  l>i<l  therefor  iii  the  schedule,  which 
unit  price  shall  include  the  cosl  of  producing  the 
riprap,  including  developing  haul  road,  clearing 
ami  stripping  riprap  Bource,  ami  excavating, 
transporting  and  placing  the  riprap. 

G-27.    Bedding  for  Riprap.      A    layer   of    bedding 

for    riprap  inches    in    thickness    shall    be 

placed  at  locations  Bhown  on  the  drawing 
established  l>\  the  contracting  authority.  The 
bedding  material  >hall  consist  of  rock  fragments 
from  rock  source,  reasonably  well  graded  up  to 
ti  inches  in  maximum  dimension.  The  material 
■hall  be  Bpread  without  segregation  over  the 
•lated  areas  in  a  uniform  layer  inches 

in  thickni 

Measurement,  for  payment,  of  beading  for  rip- 
rap will  be  made  of  the  bedding  placed  to  the 
established  lines  and  grades  on  the  basis  of  the 
prescribed  thickness  Payment  for  procuring  and 
placing  rock  materia]  for  bedding  for  riprap  will 

he  made  at  the  unit  price  per  cuhic  yard  hid  in 
the  Bchedule  for  bedding  for  riprap,  which  unit 
price  shall   include  the  cost   of  work  performed  in 

ro.k  Bource  to  produce  the  rock  fragments  used 
in  bedding  and  of  transporting  and  placing  the 
rock  fragments  in  bedding  for  riprap. 

G-28.    Backfill.      Backfill    shall    he    placed 

and  elsewhere  as  shown  on  the 

drawings    or    a-    directed.      The    materials    to    he 

used  for  backfill  shall  he  obtained  from  excava- 
tion for  the  dam  and  appurtenant  works,  or  from 
horrow  pits,  as  directed.  The  material  used  for 
backfill,  the  amount  thereof,  and  the  manner  of 
placing  shall  he  suhject  to  approval. 

Measurement,  for  payment,  of  backfill  will  he 
made  of  the  material  in  place  ahout  the  struc- 
ture to  the  prescribed  lines,  grades,  and  dimen- 
sions. Payment  for  backfill  will  he  made  at  the 
unit  price  per  cuhic  yard  hid  therefor  in  the  sched- 
ule, which  unit  price  shall  include  the  cost  of  all 
work  connected  therewith,  except  the  excavation 
and  compaction  of  the  backfill  materials.  Where 
compaction  of  backfill  is  required,  the  compact- 
ing -hall  he  performed  as  provided  in  section  (i  29 
(Compacting  Backfill).  Payment  for  compacting 
backfill  will  he  made  at  the  unit  price  per  cuhic 
yard  hid  therefor  in  the  schedule  which  payment 
will   he   in   addition   to   the   payment    for   backfill. 

G-29.       Compacting      Backfill.      (in       General. 

Where  compacting  of  backfill  is  required  the  ma- 


terials shall  he  deposited  in  horizontal  layer-  and 
compacted  a-  specified  in  tin-  section.  The  dis- 
tribution of  material-  >hall  he  -uch  that  the 
Compacted     material     will     he     lion  md 

free     from     len-   -.      pm  Im  I  or     oi  her 

imperfect  ion 

Compacting  Imperviou  Material  Where 
compacting  of  impervious  material  is  required 
the  material  shall  he  deposited  in  horizontal  I 

er-  not  more  than  f>  inches  thick  after  being  com- 
pacted.    The  excavating  and   placing  operatic 

shall    he  -uch    that    the   material    when   compacted 

will   he   blended   sufficiently    to  secure   the   tx 
practicable  degree  of  compaction,  impermeability, 

ami  -lahiht\  Prior  to  and  during  compaction 
Operations,   the   material   shall   have   the  optimum 

moisture  content  required  for  the  purpose  <>f  com- 
paction, as  determined  by  the  contracting  author- 
ity, and  the  moisture  content  shall  he  uniform 
throughout  each  layer. 

Insofar    a-    practicable,    a-    determined    by    the 

contracting  authority,  moistening  of  the  material 

shall  he  performed  at  the  Bite  <»f  excavation  hut 
-uch  moistening  shall  he  supplemented  by  sprin- 
kling at  the  Bite  of  compaction  if  necessary.  If 
the  water  content  is  less  than  optimum  for  com- 
paction, the  compaction  operations  -hall  not  pro- 
ceed, except  with  the  specific  approval  «>f  the  con- 
tracting authority,  and  if  the  water  content  i- 
greater  than  optimum  for  compaction,  the  com- 
paction operations  shall  he  delayed  until  such 
time  as  the  material  has  dried  to  the  optimum 
water  content,  and  no  adjustment  in  price  will  he 
made  on  account  of  any  operation  of  the  contractor 
in  drying  the  material  or  on  account  of  delays 
occasioned  thereby. 

When  the  material  has  been  conditioned  as 
hereinbefore  specified,  it  shall  he  compacted  by 
tamping  rollers  having  Btaggered  and  uniformly 
spaced  knohs  and  of  suflicient  weight  for  proper 
compaction,  by  hand  or  power  tampers,  or  by 
other  means  or  equipment  approved  by  the  con- 
tracting authority.  When  tamping  rollers  are 
used,  the  tamping  knohs  and  cleaner  bars  shall 
he  properly  maintained  ami  the  space-  between 
the   tamping   feet    shall    he   kept    clear  of   material 

which  impairs  the  effectiveness  of  the  tamping 
roller. 

The  density  (dry)  of  the  soil  fraction  in  the 
compacted  material  shall  not   he  less  than  '.••'>  per- 
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cent  of  the  laboratory  standard  maximum  soil 
density  (dry)  as  determined  by  the  Proctor  com- 
paction test  for  the  materials  being  compacted. 

(1)  Compaction  test. — The  compaction  tests 
will  be  made  by  the  contracting  authority. 
The  standard   maximum  soil  density  is  the 
dry  weight  per  cubic  foot  of  the  soil  com- 
pacted   at    optimum    moisture    content    by 
laboratory  procedure.     The  compaction  test 
can  be  made  by  the  Bureau  of  Reclamation 
procedure  using  a  ^0- cubic -foot  compaction 
mold,  or  by  ASTM  Designation  D  698-42T 
or  the  standard  AASHO  T  99-49  method, 
both  using  a  ){a  -  cubic  -foot  compaction  mold, 
(c)  Compacting  Cohesionless  Free-Draining  Ma- 
terial.— Where   compacting   of   cohesionless    free- 
draining  materials,  such  as  sands  and  gravels,  is 
required,  the  material  shall  be  deposited  in  hori- 
zontal layers  and  compacted  to  the  relative  density 
specified  below. 

The  thickness  of  the  horizontal  layers  after 
compaction  shall  not  be  more  than  6  inches  if 
compaction  is  performed  by  tampers  or  rollers, 
not  more   than   12  inches  if  compaction  is  per- 


formed by  treads  of  crawler-type  tractors,  surface 
vibrators,  or  similar  equipment,  and  not  more 
than  the  penetrating  depth  of  the  vibrator  if 
compaction  is  performed  by  internal  vibrators. 

The  relative  density  of  the  compacted  material 
shall  be  not  less  than  70  percent  as  determined  by 
the  standard  Bureau  of  Reclamation  relative 
density  tests  for  cohesionless  free-draining  soils 
(sec,  115(f)). 

(1)  Relative  density  test. — The  relative  den- 
sity tests  will  be  made  by  the  contracting 
authority.  The  relative  density  of  a  co- 
hesionless free-draining  soil,  expressed  as  a 
percentage,  is  defined  as  its  state  of  compact- 
ness with  respect  to  the  loosest  and  most 
compact  states  at  which  it  can  be  placed  by 
laboratory  procedures.  The  relative  density 
will  be  based  on  the  following  formula, 
wherein  the  maximum  density  is  the  highest 
unit  weight  of  the  soil,  minimum  density  is 
the  lowest  unit  weight  of  the  soil,  and  in-place 
density  is  the  unit  weight  of  the  soil  in-place. 
Tests  for  moisture  content  are  made  on  the 
materials  and  the  unit  weights  are  expressed 
in  terms  of  ovendry  weights. 


t    Relative    "I 
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(d)  Cost. — The  cost  of  compacting  backfill 
as  described  in  this  section  shall  be  included  in 
the  unit  price  bid  in  the  schedule  for  compacting 
backfill. 

G-30.  Filters. — Graded  sand  and  gravel  filters 
shall  be  constructed  under  the  *  (apron,  weir, 
spillway  floor  lining)  as  shown  on  the  drawings 
or  as  directed.  All  materials  for  the  filters  shall 
be  furnished  by  the  contractor. 

Trenches  for  the  filters  shall  be  excavated  to 
lines,  shapes,  and  dimensions  shown  on  the 
drawings.  Overexcavation  in  a  manner  to  disturb 
the  compacted  foundations  will  not  be  permitted, 
and  any  material  outside  of  the  required  lines 
which  is  disturbed  shall  be  removed,  and  shall  be 
replaced  at  the  expense  of  the  contractor  in  the 
manner  described  in  section  G-6  (Open-Cut 
Excavation,  General).  The  sand  and  gravel 
shall  be  placed  and  tamped  into  place  in  such  a 
manner  that  mixing  of  sand  with  gravel  in  the 
filter  or  with  foundation  or  backfill  materials  will 


not  occur.  The  graded  sand  and  gravel  shall  be 
placed  and  tamped  to  the  dimensions  shown. 
*  (After  the  graded  sand  and  gravel  in  the  filter 
have  been  shaped  and  compacted  to  the  required 
depths,  surfaces  of  the  filter  over  which  concrete 
is  to  be  placed  shall  be  covered  with  a  layer  of 
mortar  1  inch  thick  to  provide  a  covering  that 
will  prevent  the  filter  material  from  being  displaced 
during  the  placing  of  the  concrete.  The  mortar 
coating  shall  be  applied  carefull}7  to  the  required 
thickness.  The  consistency  of  the  mortar  and 
methods  of  application  shall  be  such  as  to  avoid 
unnecessary  filling  of  the  voids  in  the  filter 
material.) 

Materials  for  filters  shall  be  as  follows: 

(1)  Gravel  under  the 

shall  be  clean,   well-graded   gravel  from    %6 
inch  to  1/2  inches  in  size. 

(2)  Sand  shall  conform  to  the  require- 
ments specified  for  concrete  in  section  G-49 
(Sand) . 


•Revise  or  delete  as  appropriate. 
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Measurement,  for  payment,  of  graded  sand  and 
gravel  in  filters  will  be  of  the  volume  <>f  sand  and 
Kravel  in  the  completed  filter,  Payment  for 
graded  Band  and  gravel  for  filters  will  be  made 
at  the  unit  price  per  cubic  yard  l > ■ « I  therefor  in  the 

schedule,    which    price    shall    include    the    eo-t    of 


procuring,  delivery,  handling,  placing,  and  com- 
pacting the  graded  -and  and  gravel  '(and  fur- 
nishing Band  for  and  mixing  and  placing  the 
mortar  covering  Excavation  fur  filters  will 
be  paid  f<>r  in  accordance  with  subsection  (b)  <>f 
section   G  >pen-Cut    Excavation,   General 


C.    PRESSURE  GROUTING 


G-31.   Requirement  for  Grouting.      The     Contrac- 
tor -hall  drill  and  grout    under  pressure. 

(I)    The     ruck     foundation     of     the     dam 

embankmenl ; 

The  rock  surrounding  the  portii 

the  tunnel ;  and 

(3)   The  rock  formations  and  -tinctures  at 

other  location-  as  shown  on  the  drawings,  or 

a-  directed. 
The     contractor     shall     grout     under    pressure: 

*(1)  The  joint  between  the  first-stage  and 

COnd-etage   concrete   of   the   diversion    inlet 

plug  in  the  outlet-work-  intake  structure;  and 

*  J    The  joints  between  the  first-stage  and 

Becond-etage    concrete    in    the    outlet-works 
gate  struct  lire 

The  amount  of  drilling  and  pressure  grouting 
that  will  he  required  is  uncertain  and  the  con- 
tractor shall  he  entitled  to  no  additional  compen- 
sation above  the  unit  prices  hid  in  the  schedule  by 
reason  of  increase  or  decrease  of  the  schedule 
quantities  excepl  as  provided  herein.  The  grout- 
ing -hall  he  done  either  prior  to  or  after  the 
placing  of  anv  part  or  all  of  the  concrete  as  directed 
or  a-  prescribed  herein.  "(The  joints  between 
first- and  second-stage  concrete  in  the  out  lot -works 
intake  structure,  and  in  the  outlet-works  gate 
Structure  -hall  he  grouted  after  the  second- 
concrete  has  sot  and  cooled  to  the  satisfaction  of 
the  contracting  authority.) 

The  items  in  the  schedule  for  which  payment 
will  he  made  for  any  grouting  operation  do  not 
include  the  work  necessary  for  drilling  hole-, 
furnishing  and  placing  pipe  hookup  to  grout 
holes  and  connections,  and  any  other  work 
asary  in  the  placing  of  mortar  or  grout  by  the 

grouting  method. 


G-32.   Drilling  Grout  Holes.      Grout  hole-  shall  be 

drilled   into  the  rook  at    the  location-  a-  described 

in  section  (i  31  (Requirement  for  Grouting 

the  construction  work  progresses,  the  development 

of  leakage,  the  condition  of  the  surrounding  rock, 
or  the  results  of  grouting  operation-  may  indicate 
that  the  rock  already  covered  or  lined  with  con- 
crete requires  grouting,  in  which  event  hole-  -hall 

he  drilled  through  the  concrete,  including  con- 
crete in  grout  cap,  and  into  the  underlying  or 
surrounding  rock,  and  pipes  for  grout  connection- 
shall  he  placed  as  directed.  The  location,  direc- 
tion, order  of  drilling  and  depth  of  each  hole  shall 
he  BS  shown  on  the  drawings  or  as  directed  The 
holes  shall  he  drilled  with  rotary-type  drills  and 
the  use  of  rod  dope,  grease,  or  other  lubricants  on 
the  drill  rods  or  in  the  grout  holes  will  not  he 
permitted.  Drilling  grout  holes  with  percussion- 
type  drill  will  not  he  permitted,  except  for  installing 
pipe  nipples  forming  the  collars  of  the  grout  hole- 
when  needed  and  for  placing  mortar  or  grout  by 
the  grouting  method.  The  requirements  as  to 
depth.  Bpacing,  and  direction  of  hole-  arc  approxi- 
mate and  Bubject  to  revision  during  the  work  of 
drilling,    testing,   and   grouting.     It    is   expected 

that  the  required  depth  of  holes  will  not  exceed 
feet. 
The  minimum  diameter  of  each  grout  hole  shall 
he  not  less  than  that  produced  by  the  Commercial 
Standard  EX  Bize  hit,  approximately  1 '..  incl 
1'nless  otherwise  directed,  the  first  holes  in  the 
groul  cap  or  in  the  foundation  rock,  and  the  first 
rings  of  grout  holes  and  the  grout  holes  within 
each  grout  ring  in  the  *tunnels  and  'shafts,  shall 
he  spaced  widely  and  shall  he  drilled  and  grouted 
before  the  intermediate  holes  are  drilled  and 
grouted.    These  intermediate  holes  shall  he  drilled 
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and  grouted  before  further  intermediate  holes  are 
drilled  and  grouted,  and  in  this  manner  the  drill- 
ing and  grouting  of  all  holes  and  rings  and  the 
holes  within  each  ring  shall  be  completed  with 
such  final  spacing  of  holes  and  rings  as  the  grout- 
ing results  show  to  be  necessary.  After  holes  in  a 
region  have  been  drilled  and  grouted,  it  may  be 
found  necessary  to  drill  additional  grout  holes. 
Xo  allowance  above  the  unit  prices  bid  in  the 
schedule  will  be  made  for  the  drilhng  of  such  holes 
or  for  the  expense  of  moving  equipment  to  other 
operations  and  returning  to  a  previously  drilled 
area. 

Wherever  required,  the  drilling  and  grouting 
shall  be  performed  in  successive  operations  con- 
sisting in  each  case  of  drilling  the  hole  to  a  limited 
depth,  grouting  at  that  depth,  cleaning  out  the 
grout  hole  by  washing  or  other  suitable  means 
before  the  grout  in  the  hole  has  set  sufficiently  to 
require  redrilling,  allowing  the  grout  surrounding 
the  grout  hole  to  attain  its  initial  set,  drilling  the 
hole  to  an  additional  depth  and  then  grouting, 
and  thus  successively  drilling  and  grouting  the 
hole  at  various  depths  within  the  stages  until  the 
required  depth  of  hole  is  completely  drilled  and 
grouted,  all  as  determined  by  the  contracting 
authority.  Redrilling  required  because  of  the 
contractor's  failure  to  clean  out  a  hole  before  the 
grout  has  set  shall  be  performed  at  the  con- 
tractor's expense.  When  grout  has  been  allowed 
to  set  in  a  hole  by  direction  of  the  contracting 
authority,  the  required  redrilling  will  be  paid  for 
at  the  rate  of  50  percent  of  the  unit  price  per  linear 
foot  bid  in  the  schedule  for  drilling  grout  holes  in 
stage  between  depth  of  0  foot  and  30  feet  regard- 
less of  depth.  Xo  additional  allowance  above  the 
unit  prices  bid  in  the  schedule  for  drilling  grout 
holes  in  stage  will  be  made  on  account  of  the 
requirement  for  cleaning  out  holes  before  further 
drilling,  or  on  account  of  moving  of  equipment 
that  may  be  necessary  due  to  the  requirement  for 
such  successive  shallow  depth  and  deeper  drilling 
and  grouting. 

When  the  drilling  of  each  hole  has  been  com- 
pleted, it  shall  be  protected  from-  becoming 
clogged  or  obstructed  by  being  capped  tem- 
porarily or  otherwise  protected  suitably  until 
it  is  grouted,  and  any  hole  that  becomes  obstructed 
before  it  is  grouted  shall  be  opened  completely 
at  the  expense  of  and  by  the  contractor.  Prior 
to  drilling  for  grouting  the  rock  surrounding  the 
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*tunnels  and  *shafts,  the  contractor  shall  com- 
plete the  work  of  placing  mortar  or  grout  by  the 
grouting  method.  Measurement,  for  payment,  of 
drilling  grout  holes  will  be  made  only  of  the  linear 
feet  of  holes  actually  drilled  in  concrete  or  rock 
as  directed.  Measurement,  for  payment,  for 
determining  stage  depths  of  drilling  grout  holes 
in  rock  and  concrete  will  be  made  from  the  collar 
of  the  hole  at  the  exposed  surface  of  the  rock  or 
concrete  to  the  actual  depth  drilled  into  the  rock 
foundation  and  concrete  as  directed. 

Except  as  provided  in  section  G-31  (Require- 
ment for  Grouting),  payment  for  drilling  grout 
holes  in  rock  or  in  concrete  will  be  made  at  the 
applicable  unit  price  per  linear  foot  bid  in  the 
schedule  for  drilling  grout  holes  in  stage  between 
the  depths  specified  in  the  schedule,  which  unit 
prices  shall  include  the  cost  of  furnishing  all 
labor,  materials,  tools  and  equipment  required 
for  drilling  the  holes;  maintaining  the  holes  free 
from  obstruction  until  grouted;  and  all  incidental 
work  connected  therewith. 

Payment  for  drilling  holes  for  setting  foundation 
grout  pipe  or  expansion-type  plugs  for  grouting 
the  rock  surrounding  the  *tunnels  and  *shafts 
will  be  made  at  the  unit  price  per  linear  foot  bid 
in  the  schedule  for  drilling  grout  holes  in  stage 
between  depths  of  0  foot  and  30  feet.  The  cost 
of  drilling  holes  for  placing  mortar  or  grout  by 
the  grouting  method  shall  be  included  in  the  unit 
price  per  cubic  yard  bid  in  the  schedule  for  con- 
crete involved. 

G-33.  Pipe  for  Foundation  and  Joint  Grouting. — 
Standard  black  pipe  for  foundation  and  construc- 
tion joint  grouting  and  for  grouting  rock  sur- 
rounding *tunnels  and  *shafts  shall  be  set  in  the 
concrete  or  rock  in  the  locations  described  in 
section  G-31  (Requirement  for  Grouting).  Pipes 
for  grouting  shall  be  set  over  springs,  crevices  in 
the  rock,  faults,  or  other  foundation  defects  as 
directed.  Grout  pipes  set  in  concrete  except 
those  in  grout  caps  which  may  be  left  projecting 
above  the  footings,  shall  end  not  less  than  3  inches 
inside  the  finished  surface  of  the  concrete.  A 
standard  coupling  and  wrapped  nipple  to  facilitate 
removal  after  grouting  shall  be  attached  to  the 
grout  pipe  and  shall  extend  beyond  the  finished 
surface  of  the  concrete  as  shown  on  the  drawings. 
The  holes  left  after  removal  of  wrapped  nipples 
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and  oilier  groul  holes  — 1 1 ti 1 1  be  filled  immediately 
and  completely  with  drypack  in  accordance  with 
ion  1 1  60  Repair  of  (  toncret  i 
The  Bize  of  the  groul  pipe  for  each  dole  and  the 
depth  of  the  holes  for  Betting  pipe  for  grouting 
-hall  lie  :i>  shown  on  the  drawings  or  as  directed. 
The  groul  pipes  Bhall  l>e  anchored  into  the  rock  or 
concrete  into  which  the)  are  inserted,  and  the 
Bpaces  around  the  pipes  -hall  be  carefully  Bealed 
with  oakum,  grout,  or  other  Buitable  material  to 
prevent  ent  ry  of  concrete  or  oilier  foreign  materials 
prior  to  grouting.  All  pipe  and  fittings  to  be  em- 
bedded in  rock  or  concrete  shall  be  cleaned  thor- 
oughly of  all  dirt,  grease,  groul  and  mortar  im- 
mediatel)  before  being  embedded  in  the  rock  or 
concrete.  The  pipe  and  fittings  -hall  be  carefully 
assembled  and  placed  and  shall  he  held  firm!)  in 
position  and   protected   from  damage  while   the 

Concrete  is  being  deposited,      ('are  shall  be  taken 

to  avoid  clogging  or  obstructing  the  pipes  before 
being  grouted,  and  any  pipe  that  becomes  clogged 

or    obstructed    from    any    cause    shall    he    cleaned 

Batisfactorilj  or  replaced  at  the  expense  of  and 
by  the  contractor. 

stems  of  Btandard  pipe,  fittings,  and  special 

grouting  outlets  shall  he  placed  in  the  joints  be- 
tween the  first-  and  Becond-stage  concrete  (if  the 
outlet-works   gate   structure    and    the    diversion 

inlet  in  the  out  let -works  intake  structure,  a-  -how  n 
on  the  drawings  or  as  directed  hy  the  contracting 
authority.  The  special  grouting  outlets  consist 
of  modified  electrical  conduit  hoxes  as  shown  on 
the   drawings.     The    pipe   and    fittings   shall   be 

carefull)    assembled  and   placed   and  shall   he  held 

firmly   in   position   and    protected   from   damage 

while  the  concrete  is  being  deposited,  (are  shall 
he  exercised  to  insure  that  the  two  companion 
members  of  each  conduit-box-cover  grouting 
outlet  are  maintained  in  accurate  alincment  and 
position  with  reaped  to  each  other  and  that  each 
member  becomes  an  integral  part  of  and  moves 
with  the  concrete  mass  to  which  it  is  anchored. 
The  method  of  attaching  the  first  member  of  each 
grouting  outlet  to  the  forms  and.  in  turn,  the 
ond  member  to  the  firsi  -hall  he  as  shown  on 
the  drawings  or  a-  directed.     This  method  shall 

he  adhered   to  accurately  unless  it    i-  modified   by 

special  instructions  of  the  contracting  authority. 

Care  shall  also  he  taken  to  insure  that  all  parts  of 


the  Bystem  are  maintained  free  fiom  dirt  and 
an)  other  foreign  sub 

*  \ 1 1 .  i  the  grouting  system  is  placed  and  before 
an)  concrete  i-  placed  around  it,  and  at  such 
other  times  a-  the  contracting  authoritj  ma) 
direct,  the  pipe  -hall  he  tested  b)  forcing  a  current 
of  an  or  water  under  pressure  through  it   to  the 

sati-facti if   the  contracting  authority,   after 

which  it  shall  he  immediate!)  capped  temporaril) 
or  otherwise  closed  to  avoid  the  possibility  of  any 
foreign  Bubstance  entering  it  until  it  i-  pressure 
grouted.  An)  pipe  thai  becomes  dogged  before 
final  acceptance  of  the  work  due  to  an)  cau 
shall,  if  practicable,  he  cleaned  or  opened  to  the 
satisfaction  of  the  contracting  authorit)  For  any 
plugged  pipe  which  the  contractoi  fail-  '<»  open  <>i 

replace,  the  contractoi-  -hall  pa\  to  the  contract- 
ing authorit)  a-  fixed,  agreed  and  liquidated 
damages,  the  Bum  of  dollar-    I 

per  lineal'  foot   of  the  total  length  of  pipe  which   i- 

thereb)  made  ineffective,  as  determined  by  the 
contracting  authorit 

All    standard    black    pipe    and    fittings,    Bpecial 

grouting  outlets,  oakum,  asphalt  emulsion  for 
sealing  purposes,  nails,  tie  wire,  and  temporary 
support-  required  for  installation  of  the  founda- 
tion grOUl  pipe  and  the  joint  grouting  -\-tein-. 
Bhall  he  furnished  hy  the  contractor.  The  pipe 
-hall  he  type  I.  da--  A.  standard  black  pipe  in 

accordance  with  Federal  Specification  WW  I* 
106a.  The  pipe  fittings  shall  he  malleahle  iron. 
type  I.  ill  accordance  with  Federal  Specification 
WW  I'  521c.  The  pipe  Shall  he  cut.  threaded  if 
necessary,  fabricated  as  required,  and  placed  hy 
the  contractor. 

Payment  for  furnishin.Lr  and  placing  standard 
black  pipe  fittings  and  Bpecial  groul  outlets  for 
grouting  will  he  made  at  the  unit  price  per  pound 
hid  in  the  schedule  for  furnishing  and  placing  pipe 
and  fittings  for  grouting,  which  unit  price  shall 
include  the  cost  of  furnishing,  unloading,  hauling, 
Btoring,  handling,  and  installing  pipe,  fittings  and 
Bpecial  Lrrout  outlet-:  of  protecting  the  pipe  from 
injury  and  clogging;  and  of  removing  nipples  in 
exposed  faces  and  filling  with  drypack-filling  the 
holes  left  by  removal  of  nipples  from  other  grout- 
ing operations:  Provided,  That  the  cost  of  fur- 
nishing and  placing  pipe  and  fittings  to  place 
mortar  or  groul  by  the  grouting  method  shall  he 
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included  in  the  unit  prices  per  cubic  yard  bid  in 
the  schedule  for  concrete  involved.  Payment 
will  be  made  only  for  pipe  and  fittings  actually 
installed  and  left  in  place  as  directed  by  the 
contracting  authority,  and  no  additional  allow- 
ance above  the  unit  price  bid  in  the  schedule  will 
be  made  on  account  of  the  varying  size  lengths  or 
number  of  pipes  required. 

G-34.  Hookup  to  Grout  Holes  and  Connec- 
tions.— Payment  will  be  made  under  the  item 
of  the  schedule  for  hookup  to  grout  holes  and 
connections,  only  once  for  each  hole  or  connection 
actually  hooked  onto  at  the  direction  of  the 
contracting  authority  regardless  of  the  additional 
number  of  times  packer  settings  are  made  or  the 
same  hole  is  hooked  onto,  and  regardless  of  the 
volume  of  water  or  grout  actually  injected  in  the 
grout  hole  or  connection. 

The  number  of  separate  grout  holes  or  connec- 
tions requiring  hookups  as  shown  in  the  schedule 
is  only  approximate,  and  the  contractor  shall  be 
entitled  to  no  additional  compensation  above  the 
unit  price  bid  in  the  schedule  by  reason  of  the 
number  of  hookups  actually  required  to  complete 
the  grouting  operations  specified  in  section  G-35 
(Pressure  Grouting). 

Payment  for  connections  to  cracks,  crevices,  or 
seams  in  the  foundation  when  determined  neces- 
sary by  the  contracting  authority  *(and  connec- 
tions to  grout  headers  for  grouting  the  joint  be- 
tween the  first-  and  second-stage  concrete  of  the 
outlet-works  gate  structure  and  the  diversion  inlet 
plug)  will  be  made  in  accordance  with  the  preced- 
ing provisions  under  the  unit  price  bid  in  the 
schedule  for  hookup  to  grout  holes  and  connections. 

The  cost  of  hooking  to  connections,  for  placing 
mortar  or  grout  by  the  grouting  method,  shall  be 
included  in  the  unit  prices  per  cubic  yard  bid  in 
the  schedule  for  concrete  involved. 

G-35.  Pressure  Grouting. — Each  drilled  grout 
hole  and  grout  connection  for  pressure  grouting 
foundations  *(and  joints),  as  described  in  section 
G— 31  (Requirement  for  Grouting),  shall  have 
grout  composed  of  cement  and  water  or  cement, 
sand  and  water  forced  into  it  under  pressure. 
Pressures  as  high  as  practicable  but  which,  as 
determined  by  trial,  are  safe  against  rock  or 
concrete  displacement,  shall  be  usee!  in  the 
grouting.     The  placing  of  mortar  or  groul  by  the 
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grouting  method  shall  be  done  at  pressures  not 
exceeding  30  pounds  per  square  inch  as  determined 
by  the  contracting  authority.  The  proportions 
of  cement,  sand  and  water  used  in  mixing  the 
grout,  the  time  of  grouting,  the  pressures  used  for 
grouting,  and  all  other  details  of  the  grouting 
operations  shall  be  as  determined  by  the  contract- 
ing authority. 

Different  grouting  pressures  may  be  required 
for  grouting  different  sections  of  the  grout  holes. 
Where  such  grouting  of  a  hole  is  directed,  the 
grouting  shall  be  performed  by  attaching  a  packer 
to  the  end  of  a  grout-supply  pipe,  lowering  the 
grout-supply  pipe  into  the  hole  to  the  top  of  the 
bottom  section  that  is  required  to  be  grouted, 
grouting  at  the  required  pressure,  allowing  the 
packer  to  remain  in  place  until  there  is  no  back 
pressure,  withdrawing  the  grout-supply  pipe  and 
packer  to  the  top  of  the  next  higher  section  that  is 
required  to  be  grouted  at  a  different  pressure,  and 
thus  successively  grouting  the  hole  in  sections  at 
the  specified  grouting  pressures  until  the  entire 
hole  is  completely  grouted,  except  that  the  grout- 
ing of  the  top  sections  shall  be  performed  without 
the  use  of  a  packer.  The  grout -supply  pipes  and 
packers  shall  be  furnished  by  the  contractor.  The 
packers  shall  consist  of  expansible  tubes  or  rings 
of  rubber,  leather,  or  other  suitable  material 
attached  to  the  end  of  the  grout-supply  pipe. 
The  packers  shall  be  designed  so  that  they  can 
be  expanded  to  seal  the  drill  hole  at  the  specified 
elevations  and,  when  expanded,  shall  be  capable 
of  withstanding  without  leakage  for  a  period  of 
5  minutes,  water  pressure  equal  to  the  maximum 
grout  pressures  to  be  used.  The  amount  of  packer 
grouting  that  will  be  required  will  depend  upon 
the  conditions  disclosed  by  the  drilling  of  grout 
holes,  and  the  contractor  shall  be  entitled  to  no 
additional  allowance  above  the  unit  price  bid  in 
the  schedule  for  pressure  grouting  by  reason  of  the 
amount  of  such  work  being  required. 

All  intersected  rock  crevices,  seams,  or  faults 
containing  clay  or  other  washable  materials  shall 
be  washed  with  water  and  air  under  pressure  to 
remove  as  much  of  such  materials  as  possible. 
If  practicable,  as  determined  by  the  contracting 
authority,  such  materials  shall  be  ejected  from 
one  or  more  holes  by  introducing  water  under  pres- 
sure m  an  adjacent  hole.  All  grout  holes  shall  be 
tested  with  clean  water  under  continuous  pressure 
up  to  the  required  grouting  pressure  in  order  to 
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clean  efTectivelj  intersected  cracks  and  -.-11111-  and 
to  determine  relume  and  extent  of  leakage. 

The  apparatus  for  mixing  and  placing  groul 
slmll  be  of  a  type  approved  bj  the  contracting 
authority  and  slmll  be  capable  of  mixing  effec- 
tively ami  stirring  the  groul  and  forcing  it  into 
the  holes  or  groul  connections  in  a  continuous,  un- 
interrupted flow  at  an\   specified  pressure  up  to 

a  maximum  of  250  pounds  per  squarr  inch.     The 

mixer  shall   be  mechanically  operated  and   pro 
vided  with  an  accurate  meter,  reading  in  cubic  feat 

tn  truths  <if  a  cubic  foot,  for  controlling  the  amount 

nf  mixing  water  used  in  the  grout.     In  addition  to 

the  groul  mixer,  holdover  mechanical  agitator 
tank-  shall  be  pro>  ided.  All  groul  shall  be  pumped 
with  a  duplex  piston-type  pump  or  other  type  of 
pumping  equipment  approved  bj  the  contracting 
authority.  The  grouting  equipment  shall  be  main- 
tained in  a  manner  satisfactory  to  the  contracting 
authority  and  so  as  to  insure  continuous  and  elli- 

cienl  performance  during  any  grouting  operation. 
The  arrangement  of  the  grouting  equipment  shall 
be  Buch  as  to  provide  a  supply  line  and  return  line 
from  the  grout  pump  to  the  grout  hole.  Provision 
shall  be  made  to  permit  continuous  circulation 
and  accurate  control  <>f  grouting  pressures  and 
grout  How-  into  the  groul  holes. 

■  Expansion-type  plugs,  if  used  for  grout  hole 
connections  in  grouting  of  tunnels,  shafts  and  adits 
shall  be  furnished  l>\  the  contractor.  The  plugs 
shall  consist  of  expansible  tubes  or  rings  of  rub- 
ber, leather,  or  other  suitable  material,  pipe  and 
fittings.  The  pities  shall  be  designed  so  that  they 
can  be  expanded  to  seal  the  drill  holes  and.  when 
expanded,  shall  be  capable  of  withstanding  without 
leakage,  water  pressure  equal  to  the  maximum 
groul  pressures  to  he  used.  The  cost  of  furnishing 
all  necessary  materials  and  labor  for  constructing 
and  handling  expansion-type  plugs  shall  he  in- 
cluded ill  the  unit  price  per  sack  hid  in  the  sched- 
ule for  pressure  grouting 

If,  during  the  grouting  of  any  hole,  grout  is 
found  to  flow  from  adjacent  grout  holes  or  founda- 
tion grout  connections  in  sufficient  quantity  to 
interfere  seriously  with  the  grouting  operation  or 
to  cause  appreciable  loss  of  grOUt,  such  connec- 
tions may  he  capped  temporarily.  When  grouting 
1-  being  done  with  packers  and  grout  returns  from 

adjacent  holes,  the  pressure  of  the  returning  grout 

-hall  he  measured  by  Beating  a  packer  in  the  ad- 


jacent hole  and  Buch  pressures  --hall  he  kept  be- 
low the  allowable  pressures  for  that  stage  <>f  that 

hole.      Where   such    capping   i-    not    essential,    mi- 

gTOUted    hole-    -hall     he    left     open     to    facilitate    the 

escape  of  air  and  water  a-  the  grout  1-  forced  into 
other  holes.  Before  the  gfOUt  ha-  -et  .  the  gfOUt 
pump  shall  he  connected  to  adjacent  capped  holes 
and  to  other  holes  from  which  gTOUt   Mow    ua-  OD- 

Berved,  and  grout  ingof  all  hole-  -hall  he  completed 
nt  the  pressures  specified  for  grouting.  If,  during 
the  grouting  «>f  anj  hole,  grout  1-  found  to  Bow 

from  points  in  the  foundations,  abutments,  or  imv 
parts  of  the  concrete  struct  uie-,  or  other  local  ion- . 
such  flows  or  leak-  shall  he  plugged  or  calked  In 
the  cont  raCtOr  aS  directed. 

The  grouting  of  any  hole  shall  he  continued  until 
the  hole  or  gTOUt  connection  takes  grout  at  the 
rale  of  less  than  1  cubic  foot  of  the  grout  mixture 
in  "JO  minutes  if  pressures  of  .")d  pounds  per  square 
inch  or  less  are  being  used,  in  l.j  minutes  if  pi 
sures  between  50  and  IOO  pound-  per  square  inch 
are  being  used,  in  lo  minutes  jf  pressures  between 
Kin  and  200  pounds  per  square  inch  are  being  used, 
and   111  .">  minutes  if  pressures  in  excess  <>f  200 

pounds  per  square  inch  are  being  used.      So  far  a- 

practicable,  the  full  grouting  pressures  -hall  he 
maintained    constantly   during  grout    injections 

However,  a-  a  safeguard  against  rock  or  concrete 
displacement  or  while  frroii t  leaks  are  being  calked. 
the  contracting  authority  may  require  the  reduc- 
tion of  t  he  pumping  pressure  or  the  discontinuance 
of  pumping.  After  the  grouting  of  the  holes  or 
connections  is  completed,  the  pressure  shall  be 
maintained  by  means  of  stopcocks,  or  other  suit- 
able valve  devices,  until  the  grout  ha-  Bet  suffi- 
ciently so  that  it  will  he  retained  in  the  holes  or 
connections  being  grouted. 

"  \-  BOOn  a-  possible  after  the  second  — 
concrete  in  the  outlet-work-  gate  structure  and 
the  diversion  inlet  plug  of  the  outlet-works  intake 
structure  has  cooled  the  desire, 1  amount,  a-  deter- 
mined by  the  contracting  authority,  the  joints 
between  the  first-stage  concrete  and  the  second- 
stage   concrete   shall    he    pressure   grouted    with 

cement    gTOUt.      The   grouting  of  each   joint    shall 

he  completed  before  the  grout  take-  its  set  in  the 
grout  pipe  systems,  but  shall  not  he  grouted  bo 

rapidly  that  the  gTOUt  will  not  settle  in  the  joint, 
and  in  no  case  shall  the  nine  consumed  in  filling 
each  joint   he  less  than  30  minute-       Before  each 
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joint  is  grouted,  it  shall  be  washed  and  tested 
thoroughly  with  air  and  water  under  pressure. 
The  grout  shall  he  pumped  into  the  bottom  header 
of  the  piping  system  for  each  joint  and  the  vent 
or  highest  header  shall  be  left  open  until  each 
joint  is  filled  with  grout  of  proper  consistency  for 
retention  in  the  joint,  whereupon  the  header  shall 
be  closed  and  the  required  pressure  applied.  All 
other  details  shall  be  in  accordance  with  these 
specifications  and  as  directed  by  the  contracting 
authority.) 

Measurement,  for  payment,  of  pressure  grout- 
ing will  be  made  on  the  basis  of  the  number  of 
sacks  of  cement  actually  forced  into  the  holes  or 
grout  connections  at  the  direction  of  the  contract- 
ing authority,  or  required  to  fill  permanent  pipes. 
In  measuring  grout  for  payment,  the  volume  of 
one  sack  of  cement  will  be  considered  as  1  cubic 
foot.  Payment  for  pressure  grouting  will  be  made 
at  the  unit  price  per  sack  bid  therefor  in  the 
schedule,  which  unit  price  shall  include  the  cost  of 


furnishing  all  labor,  materials,  tools,  and  equip- 
ment required  for  the  grouting;  including  plugging 
or  calking  of  leaks;  use  of  packers;  washing  crev- 
ices, seams  or  faults  with  water  and  air;  and  test- 
ing grout  holes  with  water,  except  that  payment 
for  furnishing  and  handling  cement  will  be  made 
at  the  unit  price  per  barrel  bid  therefor  in  the 
schedule,  and  payment  for  hooking  onto  each 
foundation  grout  hole  or  grout  connection  will  he 
made  as  described  in  section  G-34  (Hookup  to 
Grout  Holes).  No  payment  will  be  made  for 
grout  or  for  cement  used  in  grout,  lost  due  to  im- 
proper anchorage  of  grout  pipes  or  connections, 
or  rejected  by  the  contracting  authority  on  account 
of  improper  mixing,  or  lost  by  leakage  due  to  the 
failure  of  the  contractor  to  calk  surface  leaks  when 
directed  by  the  contracting  authority.  All  pres- 
sure grouting  operations  shall  be  performed  in  the 
presence  of  a  duly  authorized  representative  of  the 
contracting  authority. 


D.    CONCRETE  SPECIFICATIONS 


G-36.  Introduction. — (a)  General. — Two  dif- 
ferent concrete  specifications  are  included  herein, 
one  for  small  quantities  of  concrete  where  the 
structures  are  relatively  simple,  and  one  for  more 
complex  work  requiring  a  larger  amount  of  con- 
crete and  in  which  the  structures  are  such  that 
more  detailed  coverage  of  the  work  and  the  man- 
ner in  which  the  work  is  to  be  done  is  desirable. 
The  specifications  for  work  requiring  detailed 
control  do  not  include  all  the  specifications  re- 
quirements that  would  be  needed  for  a  large 
mass-concrete  dam  having,  say.  100,000  or  more 
cubic  yards  of  concrete. 

Unless  stated  otherwise,  all  references  to 
"designations"  in  part  D  of  this  appendix  refer 
to  designations  listed  in  the  appendix  of  the 
Bureau  of  Reclamation  Concrete  Manual,  sixth 
edition  [l].10 

(b)  Ready-Mixed  Concrete. — The  specifications 
included  herein  primarily  apply  to  concrete  manu- 
factured at  the  job  site.  However,  all  the  re- 
quirements also  apply  to  ready-mixed  concretes. 


10  Numbers  in  brae  kits  represent  items  in  the  bibliography,  sec.  G-83. 


1 .  Concrete  Specifications  for  Small  Jobs 

G-37.  Source. — The  following  sections  have 
been  prepared  from  guide  specifications  normally 
used  by  the  Bureau  of  Reclamation  for  less  than 
200  cubic  yards  of  concrete. 

G-38.  Materials. — Concrete  shall  be  composed 
of  cement,  sand  and  coarse  aggregate,  water, 
air-entraining  agent,  and  calcium  chloride  as 
required,  all  well  mixed  and  brought  to  the  proper 
consistency.  In  general,  cement,  air-entraining 
agent,  and  sealing  compound  will  be  accepted 
on  manufacturer's  certification  of  compliance  with 
specifications  requirements.  Permission  to  ship 
on  manufacturer's  certification  shall  in  no 
way  relieve  the  contractor  of  the  responsibility 
for  furnishing  materials  meeting  specifications 
requirements. 

(a)   Cement. — Cement    shall    be    type    , 

low  alkali,11  in  accordance  with  Federal  Specifica- 

11  Determine  type  of  cement  to  he  used.  If  the  aggregates  to  be  used  in 
concrete  are  reactive  with  alkalies  in  cement,  use  of  low-alkali  cement  should 
be  specified.  If  aggregates  are  not  reactive,  do  not  include  this  requirement. 
In  areas  where  the  hardened  concrete  will  be  in  contact  with  soil  or  water 
containing  soluble  sulfates,  a  sulfate  resisting  cement  should  be  specified. 
Refer  to  table  F-l  (app.  F). 
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tion  SS  ('  192b  for  portland  cement  or  wit 1 1  the 
ilard  Specifications  for  Portland  Cement" 
of  the  American  Society  for  Testing  Materials, 
Designation  C  150.  (Note,  One  specification 
or  the  oilier  should  be  indicated,  not  both. 
Federal    specifications    are    usuall}    required    for 

.  eminent  work.)  The  cement  ahall  be  free 
from  lumps  mid  damaged  cement  when  used  in 
concrete. 

b  With  r  Water  shall  be  free  from  object  ion- 
able  quantities  of  sill,  organic  matter,  alkalies, 
salts,  or  other  impurities 

Sand  and  ( '<»//  ■«<  .  {ggregatt ,     Sand  and  coarse 
aggregate  shall   be  furnished   by   the  contractor 

from    an \    approved    source.      The   sand    particles 

shall  be  hard,  dense,  durable,  uncoated  rock  frag- 
ments that  will  pass  a  screen  having  li„-  or  VilH'h 
square  openings.     The  sand  shall  he  well  graded 

from  line  to  coarse  and  shall  he  free  from  injurious 
amounts  of  dirt,  Organic  mailer,  and  other  dele- 
terious substances. 

The  coarse  aggregate  shall  consist  of  natural 
gravel  or  crushed  rock  or  a  mixture  of  natural 
gravel  and  crushed  rock  and  shall  be  hard,  dense. 
durable,  uncoated  rock  fragments,  free  from  in- 
jurious amounts  of  thin  pieces,  organic  matter,  or 

other  deleterious  substances.  The  coarse  aggre- 
gate shall  be  reasonably  well  graded  from  V,  inch 
to  1  '■  inches,  and  shall  be  separated  into  two  sizes 
\>\  an  intermediate  screen  having  ri"(,h  square 
openings.    Screens  having  openings  of  other  sizes 

and  shapes  ma\    be  used,  if  equivalent   results  are 

obtained.  (Note.  In  lieu  of  the  ahove  require- 
ments for  sand  and  coarse  aggregate,  the  specifica- 
tions could  require  the  aggregates  to  conform  to 
the  "Standard  Specifications  for  Concrete  Aggre- 
gates" of  the  American  Society  for  Testing  Ma- 
terials. Designation  ( '  33.) 

d)  Air-Entraining  Agent.  The  air-entraining 
agent  shall  conform  to  the  provisions  of  ASTM 
gnation  ('  260-58T 

(e)  Reinforcement  Bars  *(and  Fabric). — Rein- 
forcement bars  shall  conform  to  Federal  Specifica- 
tion Q(v)  S  632,  type  II,  grade  C  through  grade 
( .  Provided,  That  all  bars  in  structures  required  to 
be  bent  to  a  radius  of  bend  of  50  diameters  or  less 
shall  he  intermediate-grade  billet  Bteel  (grade  I 

•(Fabric   shall    be   electrically    welded    wire    fabric 

conforming  to  ASTM  Designation  A  18 


ding  compound  shall 
be    white-pigmented    compound    conforming    to 
"Tentative  Specifications  for  Liquid  Membrane- 
Forming    Compounds     for    Curing    ('ohm 
\->  I'M  I),  rignation  l  58 

G-39.  Compoiition.  Sand  and  coai 
shall  be  mixed  in  proportions  as  directed  by  the 
contracting  authoritj  The  concrete  shall  contain 
not  less  than  6  sacks  of  cemenl  per  cubic  yard  for 
concrete  containing  I  ^-inch-maximum-sizi 
•rate  and  7  sacks  per  cubic  yard  for  concrete  con- 
taining K-mch-maximum-si  rate  The  con- 
tractor shall  use  i  percent  of  calcium  chloride,  by 

weight  of  the  cement,  in  all  concrete  placed  when 

(he  weather  is  cold  enough  to  require  protection 
of  the  concrete  from  freezing.     (Note.     Calcium 

chloride  should  not   be  used  in  concrete  containing 

type  V  cement.  When  type  V  cement  is  specified, 
the  requirements  for  use  of  calcium  chloride  are  to 

be  deleted,  i  The  slump  of  the  concrete  shall  not 
exceed  2  inches  for  slabs,  ami  .'{  inches  for  all 
other  concrete.  Air-en  training  agent  shall  he  used 
in  such  amount  as  will  effect  the  enl  rainineiit  of 
from  I  to  ti  percent  of  air,  by  volume,  of  the  con- 
crete as  discharged  from  the  mixer.  When  cal- 
cium chloride  is  being  used,  the  portion  of  mixing 

water  containing  the  air-entraining  agent  shall 
ho  introduced  separately  into  the  mixer. 

G-40.  Batching  and  Mixing.  The  sand  and 
coarse  aggregate  shall  he  weighed  and  shall  he 
proportioned  on  the  hasis  of  integral  sacks  of 
cement  unless  the  cement  is  weighed.  Weighing 
equipment  of  the  beam  type  may  he  used.  The 
mixing  time  shall  he  at  least  1  '.  minute-  Truck 
mixers  will  he  permitted  only  when  the  mixi 
and  their  operation  are  such  that  the  concrete 
throughout  the  mixed  hatch  and  from  hatch  to 
hatch  is  uniform  with  respect  to  consistency  and 
grading.  Anj  concrete  retained  in  truck  mixers 
•  >hl'  a-  io  require  additional  water  to  permit 
satisfactory  placing  shall  he  wasted. 

G-41 .  Forms,  Preparations  for  Placing,  and  Plac- 
ing. '  Forms  -hall  he  Used  to  shape  the  concrete 
to  the  required  lines.  The  surfaces  of  construc- 
tion joints  shall  he  clean  and  damp  when  covered 
with  fresh  concrete  or  mortar.  Cleaning  slmll 
consist    of    the    removal    of   all    laitance,    loose    or 
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defective  concrete,  coatings,  sand,  sealing  com- 
pound if  used,  and  other  foreign  material. 

The  methods  and  equipment  used  for  transport- 
ing concrete,  and  the  time  that  elapses  during 
transportation,  shall  be  such  as  will  not  cause 
appreciable  segregation  of  coarse  aggregate  or 
slump  loss  in  excess  of  1  inch  in  the  concrete  as 
it  is  delivered  to  the  work.  Retempering  of  con- 
crete will  not  be  permitted.  Concrete  shall  be 
vibrated  until  it  has  been  consolidated  to  the 
maximum  practicable  density,  is  free  from  rock 
pockets  of  coarse  aggregate,  and  closes  snugly 
against  all  surfaces  of  forms  and  embedded  ma- 
terials. Exposed  unformed  surfaces  of  concrete 
shall  be  brought  to  uniform  surfaces  and  worked 
with  suitable  tools  to  a  reasonably  smooth  wood- 
float  or  steel-trowel  finish  as  directed. 

G-42.  Protection  and  Curing. — The  contractor 
shall  protect  all  concrete  against  injury  until  final 
acceptance  by  the  contracting  authority.  (Note. — 
The  requirements  for  protection  of  concrete 
against  freezing,  including  protection  at  50°  F.  for 
the  first  72  hours  after  the  concrete  is  placed,  as 
contained  in  the  specifications  for  large  jobs  in 
section  G-61  (Protection),  will  also  apply  for  small 
jobs.) 

The  concrete  shall  be  cured  by  water  curing  or 
by  membrane  curing.  If  concrete  is  cured  by 
water  curing,  the  concrete  shall  be  kept  continu- 
ously moist  for  at  least  14  days  after  being  placed 
by  sprinkling  or  spraying  or  by  other  methods 
approved  by  the  contracting  authority.  Mem- 
brane curing  of  concrete  shall  be  by  application 
of  sealing  compound,  and  application  of  the  sealing 
compound  shall  be  in  accordance  with  the  proce- 
dures contained  in  the  Bureau  of  Reclamation 
Concrete  Manual  [1].  Any  concrete  found  to  be 
damaged  or  defective,  by  reason  of  the  contractor's 
operations,  at  any  time  before  completion  and 
acceptance  of  the  work,  shall  be  removed  and  re- 
placed by  the  contractor  with  acceptable  concrete 
at  no  additional  cost. 

G-43.  Reinforcement. — Steel  reinforcement  bars 
*(and  fabric)  shall  be  placed  in  the  concrete  where 
shown  on  the  drawings.  Before  reinforcement 
is  placed,  the  surfaces  shall  be  cleaned  of  heavy 
flaky  rust,  loose  mill  scale,  dirt,  grease,  or  other 
foreign  substances.  Reinforcement  shall  be  ac- 
curately placed  and  secured -in  position  so  that 
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it  will  not  be  displaced  during  the  placing  of  the 
concrete. 

Reinforcement  will  be  inspected  for  compliance 
with  requirements  as  to  size,  shape,  length,  splic- 
ing, position,  and  amount  after  it  has  been  placed. 

2.   Concrete  Specifications  for  Large  Jobs 

G-44.  Source. — The  following  sections  have 
been  prepared  from  guide  specifications  normally 
used  by  the  Bureau  of  Reclamation  for  work  in- 
volving concrete  quantities  of  200  cubic  yards  or 
more,  and  when  quality  control  is  necessary. 

G-45.  Composition. — (a)  General. — C  oncrete 
shall  be  composed  of  cement,  sand,  coarse  aggre- 
gate, water,  and  admixtures  as  specified,  all  well- 
mixed  and  brought  to  the  proper  consistency. 

(b)  Maximum.  Size  of  Aggregate. — The  maxi- 
mum size  of  coarse  aggregate  in  concrete  for  any 
part  of  the  work  shall  be  the  largest  of  the  specified 
sizes,  the  use  of  which  is  practicable  from  the 
standpoint  of  satisfactory  consolidation  of  the 
concrete  by  vibration.  Three-inch-maximum-size 
aggregate  shall  be  used  in  walls  that  are  15  inches 
or  more  in  thickness  and  in  slabs  that  are  8  inches 
or  more  in  thickness,  except  that  where  reinforce- 
ment is  unusually  congested,  an  appropriately 
smaller  maximum  size  of  aggregate  shall  be  used. 
Three-inch-maximum-size  aggregate  shall  also  be 
used  in  any  location  where  concrete  is  placed 
against  excavated  surfaces  and  the  thickness  of 
the  concrete  will  be  sufficiently  greater  than  that 
shown  on  the  drawings  to  permit  the  use  of  the 
larger  size  aggregate.  (Note. — Delete  require- 
ments for  3-inch  aggregate  when  use  of  this  size 
aggregate  is  not  specified.  Normally,  use  of  3- 
inch  aggregate  is  appropriate  only  where  the  quan- 
tity of  concrete  is  sufficiently  large  to  warrant  its 
use  from  an  economic  standpoint.) 

(c)  Mix  Proportions. — The  proportions  in  which 
the  various  ingredients  are  to  be  used  for  different 
parts  of  the  work  shall  be  as  determined  from  time 
to  time  during  the  progress  of  the  work  and  as 
tests  are  made  of  samples  of  the  aggregates  and 
the  resulting  concrete.  The  mix  proportions  and 
appropriate  water-cement  ratio  will  be  determined 
on  the  basis  of  procuring  concrete  having  suitable 
workability,  density,  impermeability,  durability, 
and  required  strength,  without  the  use  of  an 
excessive  amount  of  cement.  The  net  water- 
cement  ratio  of  the  concrete   (exclusive  of  water 
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absorbed  by  the  aggregates)  shall  nol  exceed  0  80 
l>\  weight,  and  water-cement  ratios  used  shall  be 
in  accordance  with  those  contained  in  table  F  2 
(n|)|).  F),  excepl  t  hat  the  water-cemenl  ratios  shall 
be  reduced,  if  necessary,  to  attain  required 
strengths  Tests  of  the  concrete  will  In-  made  l>\ 
the  contracting  ant  hority,  ami  the  mix  proportions 
■hall  be  adjusted  whenever  necessar)  for  the  pur- 
of  securing  the  required  economy,  worka- 
bility, density,  impermeability,  durability,  or 
strength.  The  contractor  slmll  be  entitled  to  no 
additional  compensation  because  of  Buch  adjust- 
ments. 

(d)  Consistency.  The  amount  of  water  used 
in  tin'  concrete  slmll  he  regulated  as  required  to 
secure  concrete  of  the  proper  consistency  and  to 
adjust  for  an)   variation  in  the  moisture  content 

or   grading   of    the    aggregates    as    the\    enter    the 

mixer.  Addition  of  water  to  compensate  for 
stiffening  of  the  concrete  before  placing  will  not 
l>c  permitted.  Uniformity  in  concrete  consis- 
tency from  batch  to  batch  will  he  required.     The 

slump  of  the  concrete,  after  the  concrete  has  been 

deposited  but  before  it  has  been  consolidated,  shall 

not  exceed  2  inches  for  concrete  in  the  tops  of 
walls,  piers,  parapet8,  and  curbs,  and  in  shihs  tlmt 
are  horizontal  or  nearly  horizontal.  I  inches  for 
concrete  in  -idewalls  and  arch  of  t  nnnel  lining,  and 
A  inches  for  nil  other  concrete.      The  contracting 

authority    reserves  the  right    to  require  a   lesser 

slump    whenever    concrete    of    such    lesser    slump 

enn  he  consolidated  readily  into  place  by  means  of 
the  vibration  specified  in  section  G  58  (Placing). 
The  use  of  buckets,  chutes,  hoppers,  or  other  equip- 
ment which  will  not  readily  handle  and  place 
concrete  of  such  lesser  slump,  will  not  he  per- 
mitted. 

(c)   Testa.     The    compressive   strength    of    the 

concrete  will  he  determined  by  the  contracting 
authority  through  the  medium  of  tests  of  li-  by 
12-inch  cylinders  made  and  tested  in  accordance 
with  the  Bureau  of  Reclamation  Concrete  Man- 
ual [1],  designations  '_".•  to  '■'>'■'■>.  inclusive,  except 
that,  for  all  concrete  samples  from  which  cylinders 
are  to  he  cast,  the  pieces  of  coarse  aggregate 
larger  than  1 '■_.  inches  will  he  removed  by  screen- 
ing or  hand  picking.  Slump  tests  will  he  made 
by  the  contracting  authority  in  accordance  with 
designation  22.  The  contractor  shall  provide  BUch 
facilities   a-   may    he   necessary    for   procuring  and 

handling  representative  tesl   samples. 


G-46.   Cement.  '  U       To    prevent    un- 

due a<riii^  of  sacked  cement   after   delivery,  the 
contractor  Bhall  use  sacked  cement  in  the  chron- 
ological order  in  which  it  was  delivered  on  the  job. 
h  shipment  of  sacked  cement  shall  he  stored 

BO  that  it  ina\  readih  he  distinguished  from  other 
shipments.  Bin-  in  which  hulk  cement  i-  -toied 
-hall  he  weathertight.    The  bins  shall  he  emptied 

and  cleaned   by   the  contractor  when   so  directed; 

however,  the  interval-  between  required  cleanu 

will  normally  not  he  less  than  I  months.  The 
Cement  -hall  he  free  from  lumps  and  -hall  he 
otherwi-e  undamaged  when  used  in  concrete 
If  the  cement    i-  delivered   in   paper  sacks,  empty 

paper  Backs  -hall  he  burned.   The  cement  shall  he 

type  ,     low     alkali.1       in     accordance     with 

Federal  Specification  SS  ('  102b  for  port  land 
cement  or  with  the  "Standard  Specifications  for 

Portland    Cement"    of    the    American    Society    for 

Testing  Material-.  Designation  ('  150.    (Note. 

One  specification  or  the  other  -hould  he  indicated. 

not  both.  Federal  specifications  arc  usually 
required  for  Government  work 

(J  Inspection.  If  directed  by  the  contracting 
authority,  the  cement  will  he  sampled  and  tested 
by  the  Government  in  accordance  with  Federal 
Test  Method  Standard  No.  158,  <>r  the  applicable 
method  of  test  cited  in  the  "Standard  Specifica- 
tions for  Portland  Cement"  of  the  American 
Society  lor  Testing  Materials,  Designation  ('  150. 
-  e  note  above 

G-47.  Admixtures.  (a  Accelerator.  The  con- 
tractor shall  use  1  percent  of  calcium  chloride, 
by  weight  of  the  cement,  ill  all  concrete  placed 
when  tin'  mean  daily  temperature  in  the  vicinity 
of  the  work  -ite  is  lower  than  4(i°  F.  Calcium 
chloride  shall  not  he  used  otherwise,  except  upon 
written  approval.  Requests  for  such  approval 
shall  state  the  reason  for  using  calcium  chloride 
and  the  percentage  of  calcium  chloride  to  he 
used,  and  the  location  of  the  concrete  in  which  the 
contractor   desires   to   use   the   calcium   chloride. 

(  'alcium    chloride    -hall    Hot     he    Used    in    excess    of 

2  percent,  by  weight,  of  the  cement.  Calcium 
chloride  -hall  he  measured  accurately   and  shall 

he  added   to  the  hatch  in  solution  in  a  portion  of 
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the  mixing  water.  Use  of  calcium  chloride  in  the 
concrete  shall  in  no  way  relieve  the  contractor  of 
responsibility  for  compliance  with  the  require- 
ments of  these  specifications  governing  protection 
and  curing  of  the  concrete.  (Note. — Calcium 
chloride  should  not  be  used  in  concrete  containing 
type  V  cement.  When  type  V  cement  is  specified, 
the  requirements  for  use  of  calcium  chloride  are 
to  be  deleted.) 

(b)  Air-Entraining  Agents. — The  contractor 
shall  use  an  air-entraining  agent  in  all  concrete. 
The  agent  used  shall  conform  to  the  requirements 
of  ASTM  Designation  C  260-58T,  and  shall  be  of 
uniform  consistency  and  quality  within  each 
container  and  from  shipment  to  shipment.  Agents 
will  be  accepted  on  manufacturer's  certification  of 
conformance  with  specifications,  but  permission 
to  ship  on  certification  shall  in  no  way  relieve  the 
contractor  of  responsibility  for  furnishing  an 
agent  meeting  specifications  requirements.  Agents 
shall  be  subject  to  sampling  and  testing.  The 
amount  of  air-entraining  agent  used  in  eacli 
concrete  mix  shall  be  such  as  will  effect  the 
entrainment  of  the  percentage  of  air  shown  in  the 
following  tabulation  in  the  concrete  as  discharged 
from  the  mixer: 

Total  air, 
percent  by 
volume  of 
Coarse  aggregate,  maximum  size  in  inches:  concrete 

% 6±1 

i]4 5±1 

3 4Y2±l 

The  agent  in  solution  shall  be  maintained  at  a 
uniform  strength  and  shall  be  added  to  the  batch 
in  a  portion  of  the  mixing  water.  This  solution 
shall  be  batched  by  means  of  a  mechanical  batcher 
capable  of  accurate  measurement.  When  calcium 
chloride  is  being  used  in  the  concrete,  the  portion 
of  the  mixing  water  containing  the  air-entraining 
agent  shall  be  introduced  separately  into  the  mixer. 
G-48.  Water. — The  water  used  in  concrete, 
mortar,  and  grout,  shall  be  free  from  objectionable 
quantities  of  silt,  organic  matter,  alkali,  salts, 
and  other  impurities. 

G-49.  Sand. — (a)  General. — The  term  "sand"  is 
used  to  designate  aggregate  in  which  the  maximum 
size  of  particles  is  three-sixteenths  of  an  inch. 
Sand  for  concrete,  mortar,  and  grout  shall  be 
natural  sand,  except  that  crushed  sand  may  be 
used  to  make  up  deficiencies  in  the  natural  sand 
grading.     Sand,  as  delivered  to  the  batching  plant, 
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shall  have  a  uniform  and  stable  moisture  content. 

(b)  Quality. — The  sand  shall  consist  of  hard, 
dense,  durable,  uncoated  rock  fragments.  The 
maximum  percentages  of  deleterious  substances 
in  the  sand,  as  delivered  to  the  mixer,  shall  not. 
exceed  the  following  values: 

Percent  by 
ueight 

Material  passing  Xo.  200  screen  (designation  16)  __  3 

Shale  (designation  17) 1 

Coal  (designation  17) 1 

Clay  lumps  (designation  13) 1 

Total  of  other  deleterious  substances  (such  as  alkali, 
mica,    coated    grains,    soft    flaky    particles,    and 

loam) 2 

The  sum  of  the  percentages  of  all  deleterious 
substances  shall  not  exceed  5  percent,  by  weight. 
Sand  producing  a  color  darker  than  the  standard 
in  the  colorimetric  test  for  organic  impurities 
(designation  14)  may  be  rejected.  Sand  having 
a  specific  gravity  (designation  9,  saturated  surface- 
dry  basis)  of  less  than  2.60  may  be  rejected.  The 
sand  may  be  rejected  if  the  portion  retained  on  a 
No.  50  screen,  when  subjected  to  five  cycles  of  the 
sodium  sulfate  test  for  soundness  (designation  19), 
shows  a  weighted  average  loss  of  more  than  8 
percent,  by  weight. 

(c)  Grading. — The  sand  as  batched  shall  be 
well  graded,  and  when  tested  by  means  of  standard 
screens  (designation  4),  shall  conform  to  the 
following  limits: 

Individual 
percent,  by 
weight,  retained 
Screen  No.:  on  screen 

4 0  to  5. 

g 5  to  15.1 

16 10  to  25.1 

30 10  to  30. 

50 15  to  35. 

100 12  to  20. 

Pan 3  to  7. 

1  If  the  individual  percent  retained  on  the  Xo.  16  screen  is  20  percent  or 
lrss,  the  maximum  limit  for  the  individual  percent  retained  on  the  Xo.  8 
screen  may  be  increased  to  20  percent. 

G-50.  Coarse  Aggregate. — (a)  General. — The 
term  "coarse  aggregate"  is  used  to  designate 
aggregate  graded  from  /{6  inch  to  3  inches,  or  any 
size  or  range  of  sizes  within  such  limits.  The 
coarse  aggregate  shall  be  reasonably  well  graded 
within  the  nominal  size  ranges  hereinafter  speci- 
fied. Coarse  aggregate  for  concrete  shall  consist 
of  natural  gravel  or  crushed  rock,  or  a  mixture  of 
natural  gravel  and  crushed  rock.     Coarse  aggre- 
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gate,  as  delivered  to  the  batching  plant,  ^1  mil  have 
a  uniform  n  1  m  1  Btable  moisture  content. 

Quality.     The  coarsi  gate  shall  consist 

of  hard,  dense,  durable,  uncoated  rock  fragments 
The  percentages  of  deleterious  Bubstances  in  an) 
size  of  coarse  aggregate,  as  delivered  i<>  the  mixer, 
shall  nol  exceed  the  following  valui 

Material  paf  iiig  \'o   200  screen  designation  16             I 

Shall-  (designation  I  h »  1 

( loal  I  designation  1  x  >  1 
I                                -iiiii:it  ■•  >ii    13 

Other  deleterious  substanoei  l 

The  -urn  of  the  percentages  of  all  deleterious  sub- 
Btances  in  an)  size,  as  delivered  to  the  mixer,  sliall 
not  exceed  3  percent,  by  weight.  Coarse  aggre- 
gate ma)  be  rejected  if  it  fails  to  meal  the  following 
tesl  requirements: 
Los  Angeles  rattler  tesl    (designation  21).     If 

the   loss,    lisin<:  grading   A,   exceeds    10   percent,    h\ 

weight,  at  100  revolutions  or  40  percent ,  by  weight, 
at  500  revolutions. 

Sodium  sulfate  test  for  soundness  (designation 
19)  If  the  weighted  average  loss,  after  live 
cycles,  i-  more  than  10  percent,  by  weight. 

Specific  gravit)  (designation  10).  -If  the  specific 
gravity  (saturated  Burface-dry  basis),  is  less  than 

Separation.  The  coarse  aggregate  shall  be 
Beparated  into  nominal  sizes  and  shall  be  graded 
as  follow  s 


in  of 

Nominal  ria 

Minimum  percent  r 
on  scnins  indicated 

», 

'in  to 

50  percent  on  M  inch. 
25  percent  on  l'i  inch. 
•  nt  on  2M  inch. 

|j 

3 

1     tree  aggregate  shall  be  screened  at  the  batching 
bins  ationary  sloping  screens  having  slotted 

Openings  three-sixteenths  of  an  inch  in  the  narrow 
dimension.  Material  passing  the  V,-inch  screens 
shall  l>e  wasted  as  directed.  (Notk.  When  large 
quantities  of  concrete  are  involved  in  the  work, 
normally  in  exec---  of  10,000  cubic  yards,  the  speci- 
fications should,  in  lieu  of  requiring  screening  of 
the  coarse  aggregate  over  stationary  sloping 
en-,    require    the    eoai'-e    aggregate    to    he   finish 

screened  over  vibrating  screens  mounted  on  the 

batching  plant  or.  at  the  option  of  the  contractor, 
mounted  on   the  ground  adjacent    to  the  batching 
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When   finish   screening   i-   Bpecified,   the 

cifications  should  also  provide  for  the  finish 

if  installed  on  the  batching  plant,  to  be 

bo  mounted  that  the  vibration  of  the  (rill 

not  affect  the  ai  clinics  of  the  batching  scales  and 
that  the  finished  product-,  after  finish  Bcreenii 

-hall   pa--  direct!)    to  the  batching  plant    lun-       In 

such  cases,  the  percentage  of  material  passing  the 
undereize  t'  ignificant  undei  ould 

not    exceed  '_'   percent,   hy   Weight 

Separation   of   the   coarei  ate   into   the 

specified  sizes  -hall   he  -iich   that,  when   th( 

te  a-  hatched,   i  reening  on  the 

-i Hen-  designated  in  the  following  tabulation,  the 

material  passing  the  under-i/i  ufi- 

cant    undereize)    -hall   not    exceed   3   percent    l<\ 

weight,    and    all    material    -hall    pas-    the    Oversize 

ie-i  Bcreen: 


III.  | 

:t 

M  Inch 

Screens  used  in  making  the  tests  for  undcr-i/e 
and  oversize  shall  conform  to  the  requirements  of 
WI'M  Designation  E  11  39,  with  respect  to  per- 
missible variations  in  average  openings       Note. — 

If  the  concrete  work  is  such  that  use  of  3-inch  I 

gregate  is  not   desirable,   the  requirements  con- 
tained   in    this    paragraph    for   3-inch  gate 

should  he  deleted.  • 

G-51.  Batching,  'a  General.  The  contra 
shall  provide  equipment  and  shall  maintain  and 
operate  the  equipment  as  required  to  accurately 
determine  and  control  the  amount  of  each  sepa- 
rate ingredient  entering  the  concrete.  The 
amounts  of  hulk  cement,  sand,  and  each  size  of 
coarse  aggregate  entering  each  hatch  of  concrete 
shall  he  determined  by  weighing,  and  the  amount 
of  water  shall  he  determined  by  weighing  or  volu- 
metric measurement.  Where  sacked  cement  i- 
USed,  the  concrete  shall  he  proportioned  on  the 
hasis  of  integral  sacks  of  cement  unless  the  cement 

i-  w  eighed. 

When  hulk  cement  and  aggregates  are  hauled 
from  a  central  batching  plant  to  the  mixers,  the 
cement   for  each  hatch  -hall  either  he  placed  in  an 


572 

individual  compartment  which,  during  transit,  will 
prevent  the  cement  from  intermingling  with  the 
aggregates  and  will  prevent  loss  of  cement,  or  be 
completely  enfolded  in  and  covered  by  the  aggre- 
gates by  loading  the  cement  and  aggregates  for 
each  batch  simultaneously  into  the  batch  com- 
partment. Each  batch  compartment  shall  be  of 
sufficient  capacity  to  prevent  loss  in  transit  and 
to  prevent  spilling  and  intermingling  of  batches  as 
compartments  are  being  emptied.  If  the  cement  is 
enfolded  in  aggregates  containing  moisture,  and 
delays  occur  between  filling  and  emptying  the 
compartments,  the  contractor  shall,  at  his  own 
expense,  add  extra  cement  to  each  batch  in  accord- 
ance with  the  following  schedule: 

Additional 
cement 
required, 
percent 

Hours  of  contact  between  cement  and  wet  aggre- 
gates: 

0  to  2 0 

2  to  3 5 

3  to  4 10 

4  to  5 15 

5  to  6 20 

Over  6 (') 

1  Batch  will  be  rejected. 

(b)  Equipment. — The  weighing  equipment  shall 
conform  to  the  applicable  requirements  of  Federal 
Specification  AAA-S-121b  for  such  equipment, 
except  that  accuracy  to  within  0.4  percent  of  the 
net  load  being  weighed  will  be  satisfactory,  and 
the  equipment  shall  be  capable  of  ready  adjust- 
ment for  compensating  for  the  varying  weight  of 
any  moisture  contained  in  the  aggregates  and  for 
effecting  changes  in  concrete  mix  proportions. 
Batching  equipment  shall  be  constructed  and 
operated  so  that  the  combined  inaccuracies  in 
feeding  and  measuring  the  materials  will  not  exceed 
1  /2  percent  for  water  or  weighed  cement  and  2  per- 
cent for  each  size  of  aggregate. 

Bulk  cement  shall  be  weighed  in  an  individual 
hopper  and  shall  be  kept  separate  from  the  aggre- 
gates until  the  batch  ingredients  are  discharged 
from  the  batching  hopper.  The  cement  hopper 
may  be  attached  to  a  separate  scale  for  individual 
weighing,  or  may  be  attached  to  the  aggregate 
scale  for  cumulative  weighing.  If  materials  are 
weighed  cumulatively  by  dial  scales,  the  cement 
shall  be  weighed  before  the  other  ingredients.  If 
the  materials  are  weighed  cumulatively  by  beam 
scales,    a   separate    beam   shall   be   provided    for 
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weighing  each  material.  Weighing  equipment 
and  the  water  measuring  device  shall  be  in  full 
view  of  the  operator. 

The  contractor  shall  provide  standard  test 
weights  and  any  other  auxiliary  equipment  re- 
quired for  checking  the  operating  performance  of 
each  scale  or  other  measuring  device  and  shall 
make  periodic  tests  over  the  ranges  of  measure- 
ments involved  in  the  batching  operations.  The 
tests  shall  be  made  in  the  presence  of  a  representa- 
tive of  the  contracting  authority,  and  shall  be 
adequate  to  prove  the  accuracy  of  the  measuring 
devices.  Unless  otherwise  directed,  tests  of  equip- 
ment in  operation  shall  be  made  at  least  once  every 
month.  The  contractor  shall  make  such  adjust- 
ments, repairs,  or  replacements  as  may  be  neces- 
sary to  meet  the  specified  requirements  for  ac- 
curacy of  measurement. 

The  operating  mechanism  in  the  water-measur- 
ing device  shall  be  such  that  leakage  will  not  occur 
when  the  valves  are  closed.  Water  tanks  on  port- 
able mixers  shall  be  constructed  so  that  the  in- 
dicating device  will  register,  within  the  specified 
limit  of  accuracy,  the  quantity  of  water  discharged, 
regardless  of  the  inclination  of  the  mixer  setting. 

G-52.  Mixing. — The  concrete  ingredients  shall 
be  mixed  in  a  batch  mixer  for  not  less  than  V% 
minutes  after  all  the  ingredients,  except  the  full 
amount  of  water,  are  in  the  mixer:  Provided,  That 
the  mixing  time  may  be  reduced  to  1%  minutes  if, 
when  determined  in  accordance  with  the  provi- 
sions of  designation  26,  the  unit  weight  of  air- 
free  mortar  in  samples  taken  from  the  first  and 
last  portions  of  the  batch  as  discharged  from  the 
mixer  does  not  vary  more  than  0.8  percent  from 
the  average  of  the  two  mortar  weights,  the  average 
variability  for  six  batches  does  not  exceed  0.5 
percent,  and  the  weight  of  coarse  aggregate  per 
cubic  foot  does  not  vary  more  than  5.0  percent 
from  the  average  of  the  two  weights  of  coarse 
aggregates.  The  contracting  authority  reserves 
the  right  to  increase  the  mixing  time  when  the 
charging  and  mixing  operations  fail  to  produce 
a  concrete  batch  throughout  which  the  ingredients 
are  uniformly  distributed  and  the  consistency  is 
uniform.  The  concrete,  as  discharged  from  the 
mixer,  shall  be  uniform  in  composition  and  con- 
sistency throughout  the  mixed  batch,  and  from 
batch  to  batch  except  where  changes  in  composi- 
tion or  consistency  are  required. 

Water  shall  be  added  prior  to,  during,  and  fol- 
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lowing  the  mixer-charging  operations  Excessive 
overmixing  requiring  addition  <»f  water  to  preserve 
the  required  concrete  consistency  will  not  be 
pel  urn  led.  Truck  mixers  will  be  permitted  onlj 
when  the  mixers  and  their  operation  are  such  that 
the  concrete  throughout  the  mixed  batch  and 
from  batch  to  batch  is  uniform  with  respect  to 
consistency  and  grading.  An\  concrete  retained 
in  truck  mixers  bo  long  as  t<>  require  additional 
wilier  i<>  permit  satisfactory  placing  -hall  be 
wasted,  An\  mixer  that  at  anj  nine  produces 
unsatisfactory  results,  —twill  be  repaired  promptly 
and  effectivelj   or  -hall  be  replaced.     Mixers  in 

centralized    batching   ami    mixing    plants   -hall    lie 

arranged  bo  that  mixing  action  in  the  mixer-,  can 
be  observed  from  a  location  convenient  to  the 
mixing    plant    operator's    Btation.     Mixers    shall 

not    be    loaded    in    excess   of    their   rated    capacity 

unless  specifically  authorized.     Bach  mixer  shall 

be  equipped  with  a  mechanically  operated  timing 

and  signaling  device  which  will  indicate  and  assure 

the  completion  of  the  required  mixing  period  and 
will   count    the   hatches. 

G-53.  Temperature  of  Concrete.  The  tempera- 
ture of  concrete,  when  it  is  being  placed,  shall  he 
DOt  more  than  90°  F.,  and  not  less  than  40°  F.  in 
moderate  weather  or  50°  F.  in  weather  during 
which  the  mean  daily  temperature  drops  below 
40°  F.  Concrete  ingredients  shall  not  he  heated 
to  a  temperature  higher  than  thai  necessary  to 
keep  the  temperature  of  the  mixed  concrete,  as 
placed,  from  falling  below  the  specified  50°  F. 
Method-  of  heating  concrete  ingredients  shall  he 
Bubject  to  approval. 

When  the  t  em  pel  ill  lire  of  the  concrete,  as  placed, 
may  he  between  80°  F.  and  90°  F..  the  concrete 
-hall  he  mixed  at  the  job  site  and  discharged  into 
the  work  immediately  after  mixing.  If  concrete 
is  placed  when  the  weather  is  such  that  the  temper- 
ature of  the  concrete  will  exceed  00°  F..  a-  deter- 
mined by  the  contracting  authority,  the  contractor 
shall  employ  effective  means,  such  as  precooling 
of  aggregates  ami  mixing  water  and  placing  at 
night,  as  necessary  to  maintain  the  temperature 
of  the  concrete,  as  it  is  placed,  below  90°  F.  The 
contractor  shall  he  entitled  to  no  additional  com- 
pensation on  account  of  the  foregoing  require- 
ments. 

G-54.  Forms,      a      General      Forms    shall    he 

Used,  wherever  necessary,  to  confine  the  concrete 
and  shape  it   to  the  required  lilies.     Forms  shall 


have  sufficient  strength  to  withstand  the  pressure 
resulting  from   placement    and   vibration   of  the 

concrete,  and  shall   he  maintained  rigidl}    in   po 

iion  I'di  in- -hall  be  sufficiently  tight  to  prevent 
loss  of  mortar  from  the  concrete  Chamfer  strips 
shall  he  placed  iii  the  corners  <>f  form-  -<>  a-  to 
produce  beveled  edges  on  permanently  exposed 
concrete  Burfacee  Interior  angles  on  -mil  sur- 
faces ami  edges  at  formed  joint-  will  not  require 
beveling  unless  requirement  for  beveling  is  indi- 
cated on  t  he  draw  in 

b  Form  Sheathing  and  I. 'muni  \V I  sheath- 
ing or  lining  shall  he  of  such  kind  and  fpiaht  \  ,  "i 
shall  he  -o  treated  or  coated,  that  there  w  ill  he  no 
chemical  del  eriorat  ion  or  discoloration  of  t  In- 
formed concrete  Burfaces  Where  pine  i-  used  for 
form  sheathing,  the  lumber  shall  be  pinus  pon- 
derosa  in  accordance  with  the  Standard  Grading 
Rules  of  the  Western  Pine  Association  <>r  shall  be 
other   lumber  of  a   grading  equivalent    to   that 

specified  for  pine.      Plywood  used  for  form  -heath- 

ing  or  lining  shall  he  grade  H  \\.  interior,  or  better, 

as  described   in   the  commercial  standards  of  the 

Douglas-Fir  Plywood  Association.  Form  Bheath- 
ing  or  lining  shall  be  of  wood  or  steel  conforming 
to  the  following  requirements,  or  may  be  of  other 
materials  producing  equivalent  result- 


Required 

filU-ll  (if 
fiirmril 

Mir: 

Wu.i.i  sheathing  or  lining 

ithlng  or  lining  ' 

PI 

Am 

lining 

iM-rn 

N'o.    2   common    or    1- 
pin.'  shlplap,  or  plywood 
kthtng  or  hninn. 

ithlng    pern 
!    iinme   permitted    if 
appr 

1  Steel  "sheathing"  denoti  ng  of 

•rood  boards     Steel  "lining"  denotes  this  jpportedl 

of  irood  hoards 

The  type  and  condition  of  form  Bheathing  and 
lining,  and  the  fabrication  of  forms  for  finish  F2 
shall  be  such  that  the  form  surfaces  will  he  even 
and  uniform.  The  ability  of  form-  to  withstand 
distortion  caused  by  placement  and  vibration  of 

concrete   shall    he  such    that    formed   BUrfaceS   will 

conform   with   applicable   requirements  of  th< 
specifications    pertaining    to    finish    of    formed 

Slllfa 

Form    Ties.     Embedded    ties    for    holding 

forms  shall  remain  embedded  ami.  except  where 

Fl    finish    is    permitted,   shall    terminate    not    I 
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than  two  diameters  or  twice  the  minimum  dimen- 
sion of  the  tie  in  the  clear  of  the  formed  faces  of 
the  concrete.  Where  Fl  finish  is  permitted,  ties 
may  be  cut  off  flush  with  the  formed  surfaces. 
The  ties  shall  be  constructed  so  that  removal  of 
the  ends  or  end  fasteners  can  be  accomplished 
without  causing  appreciable  spalling  at  the  faces 
of  the  concrete.  Recesses  resulting  from  removal 
of  the  ends  of  form  ties  shall  be  filled  in  accordance 
with  the  provisions  for  repair  of  concrete. 

(d)  Cleaning  and  Oiling  of  Forms. — At  the  time 
the  concrete  is  placed  in  the  forms,  the  surfaces 
of  the  forms  shall  be  free  from  encrustations  of 
mortar,  grout,  or  other  foreign  material.  Before 
concrete  is  placed,  the  surfaces  of  the  forms  shall 
be  oiled  with  a  commercial  form  oil  that  will 
effectively  prevent  sticking  and  will  not  stain  the 
concrete  surfaces.  For  wood  forms,  form  oil  shall 
consist  of  straight,  refined,  pale,  paraffin  mineral 
oil.  For  steel  forms,  form  oil  shall  consist  of 
refined  mineral  oil  suitably  compounded  with 
one  or  more  ingredients  which  are  appropriate 
for  the  purpose. 

(e)  Removal  of  Forms. — To  facilitate  satis- 
factory progress  with  the  specified  curing,  and 
enable  earliest  practicable  repair  of  surface  im- 
perfections, forms  shall  be  removed  as  soon  as  the 
concrete  has  hardened  sufficiently  to  prevent 
damage  by  careful  form  removal.  Forms  on 
upper  sloping  faces  of  concrete,  such  as  forms 
on  the  water  sides  of  warped  transitions,  shall  be 
removed  as  soon  as  the  concrete  has  attained 
sufficient  stiffness  to  prevent  sagging.  Any  needed 
repairs  or  treatment  required  on  such  sloping 
surfaces  shall  be  performed  at  once,  and  be 
followed  immediately  by  the  specified  curing. 

To  avoid  excessive  stresses  in  the  concrete 
that  might  result  from  swelling  of  the  forms,  wood 
forms  for  wall  openings  shall  be  loosened  as  soon 
as  this  can  be  accomplished  without  damage 
to  the  concrete.  Forms  for  the  openings  shall  be 
constructed  so  as  to  facilitate  such  loosening. 
Forms  for  conduits  and  tunnel  lining  shall  not  be 
removed  until  the  strength  of  the  concrete  is  such 
that  form  removal  will  not  result  in  perceptible 
cracking,  spalling,  or  breaking  of  edges  or  surfaces, 
or  other  damage  to  the  concrete.  Forms  shall  be 
removed  with  care  so  as  to  avoid  injury  to  the 
concrete,  and  any  concrete  so  damaged  shall  be 
repaired  in  accordance  with  the  provisions  for 
repair  of  concrete. 


G-55.    Reinforcement    Bars     *(and    Fabric). — (a) 

Furnishing  Reinforcement. — The  contractor  shall 
furnish  all  the  reinforcement  required  for  com- 
pletion of  the  work.  Reinforcement  bars  shall 
conform  to  Federal  Specification  QQ-S-632,  type 
II,  grade  C  through  grade  G:  Provided,  That  all 
bars  in  structures  required  to  be  bent  to  a  radius 
of  bend  of  50  diameters  or  less  shall  be  intermedi- 
ate-grade billet  steel  (grade  C).  *  (Reinforcement 
fabric  shall  be  a  standard  type  of  electrically 
welded  wire  fabric  conforming  to  the  requirements 
of  ASTM  Designation  A  185.) 

(b)  Placing  Reinforcement. — Steel  reinforcement 
shall  be  placed  in  the  concrete  wherever  shown 
on  the  drawings,  or  where  directed.  Unless 
otherwise  shown  on  the  drawings,  or  directed, 
measurements  made  in  placing  the  bars  shall  be 
to  the  centerlines  of  the  bars.  Reinforcement  will 
be  inspected  for  compliance  with  requirements 
as  to  size,  shape,  length,  splicing,  position,  and 
amount  after  it  has  been  placed. 

Before  reinforcement  is  placed,  the  surfaces  of 
the  reinforcement  and  the  surfaces  of  any  metal 
supports  shall  be  cleaned  of  heavy  flaky  rust, 
loose  mill  scale,  dirt,  grease,  or  other  foreign 
substances  which,  in  the  opinion  of  the  contracting 
authority,  are  objectionable.  Heavy  flaky  rust 
can  be  removed  by  firm  rubbing  with  burlap  or 
equivalent  treatment,  if  considered  objectionable. 
After  being  placed,  the  reinforcement  shall  be 
maintained  in  a  clean  condition  until  it  is  com- 
pletely embedded  in  the  concrete. 

Reinforcement  shall  be  accurately  placed  and 
secured  in  position  so  that  it  will  not  be  displaced 
during  placing  of  the  concrete,  and  special  care 
shall  be  exercised  to  prevent  any  disturbance  of 
the  reinforcement  in  concrete  that  has  already 
been  placed.  Metal  chairs,  metal  hangers,  metal 
spacers,  or  other  satisfactory  metal  supports  ma}' 
be  furnished  and  used  by  the  contractor  for 
supporting  reinforcement.  The  reinforcement  in 
structures  shall  be  so  placed  that-  there  will  be 
a  clear  distance  of  at  least  1  inch  between  the 
reinforcement  and  any  anchor  bolts  or  other 
embedded  metalwork. 

G-56.  Tolerances  for  Concrete  Construction. — Per- 
missible surface  irregularities  for  the  various 
classes  of  concrete  surface  finish  are  specified  in 
section  G-59   (Finishes  and  Finishing) ;  they  are 


•Revise  or  delete  as  appropriate. 
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and    I  ppurU  nant  M 


M    HI- 


Variation  of  the  constructed  linear  outline  from  established  p< 
in  plan 


\        tion  of  dimensions  t<>  individual  structure  features  from 
lished  posit ions 


\        tion  from  the  i>luinl>.  from  the  specified  batter,  "i  from  t in- 
cur \  •  ■  1  '  all  structures,  including  the  lines  and  -{. 
of  columns,  walls,  pur-,  buttresses,  arch  sections,  vertical  joint 
.  es,  and  \  isible  ai  i 


Variation  from  the  level  <>r  from  the  grades  indicated  on  the  draw- 
ings in  -lal>-.  beams,  soffits,  horizontal  joint  grooves  and  visible 

am 


J4  inch. 


mi  more  i 

In     liir 

ml- 


In  in  feel 

In  •.'()  feel  \  Inch 

In    III  fill  or  more  1  '«  n 

In    buried    construction,    twice    the 
amounts 


\       it  ion   in   cro — actional  dimensions  of  columns,   beams,   but- 
es,  piers,  and  Bimilar  meml 


In  10  feel  «  inch 

lii  M\  fill  or  more  ' .  inch 

Iii    buried    construction,    twice    tin- 
above  amounts. 


Minn* 
Plus 


\  inch 
'..  inch 


Variation  in  the  thickness  of  -lal>-.  walls,  arch  sections,  and  Bimilar 
members. 


Minus 
Plus 


'«  inch. 


1  i  n<  i  oil   \1\-.   PIERS,   WALLS,    BUTTRESSES,    IND  SIMII    IR  MEM  I 


it  ion  of  dimensions  in  plan 


Minn-  '.  inch. 

l'lu-  2  in' 


Misplacement  of  eccentricity 


Reduction  in  thick 


2  pin-cut  of  footing  width  in  the  direction  of  mis- 
placemenl I > 1 1 1  not  more  than  2  incl 

5  percent  of  specified  thicki  • 


Ml  I  -    \\l>  BIDE   w  Ml-  l"K  U  MH  M.  GATES    \Mi  SIMILAR  w  ITERTIGHT  JOINTS 


Variation  from  the  plumb  am)  level  Not  greater  than  a  rat.-  of  ' .  inch  in  10  I 


Tolerai  ■  oncrek    runnel  Lining  and  Monolithic  Conduiti 


Departure  from  established  alinement  or  from  established  grade 

Free-flow  tunnels  and  conduits                  1  inch. 

Variation  in  thickness,  at  any  point 

Tunnel  lining                 Mum-  n 

w  bichever  is  greater. 
Conduits                         Plus   ■'>   percent    or    :.    inch. 
w  bichever  is  greater 

Variation  from  inside  dimensions 

•  :it. 

Tolerances  for  Placing  R 


Variation  of  protective  covering 


With  2-inch  cover 
With  3-inch  cover 


'«  inch. 


Variation  from  indicated  spacing  l  inch 
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defined  as  "finishes,"  and  are  to  be  distinguished 
from  tolerances  as  described  herein.  The  intent 
of  this  paragraph  is  to  establish  tolerances  that 
are  consistent  with  modern  construction  practice, 
yet  governed  by  the  effect  that  permissible  de- 
viations will  have  upon  the  structural  action  or 
operational  function  of  the  structure.  Deviations 
from  the  established  lines,  grades,  and  dimensions 
will  be  permitted  to  the  extent  set  forth  herein: 
Provided,  That  the  contracting  authority  reserves 
the  right  to  diminish  the  tolerances  set  forth 
herein  if  such  tolerances  impair  the  structural 
action  or  operational  function  of  a  structure. 

Where  tolerances  are  not  stated  in  the  specifica- 
tions or  drawings  for  any  individual  structure  or 
feature  thereof,  permissible  deviations  will  be 
interpreted  conformably  to  the  provisions  of  this 
paragraph.  Notations  on  the  drawings  of  specific 
maximum  or  minimum  tolerances  in  connection 
with  any  dimensions  shall  be  considered  as  sup- 
plemental to  the  tolerances  specified  herein.  The 
contractor  shall  be  responsible  for  setting  and 
maintaining  concrete  forms  sufficiently  within  the 
tolerance  limits  so  as  to  insure  completed  work 
within  the  tolerances  specified  herein.  Concrete 
work  that  exceeds  the  tolerance  limits  specified 
in  the  following  tabulation  shall  be  remedied  or 
removed  and  replaced  at  the  expense  of  and  by  the 
contractor. 

G-57.  Preparations  for  Placing. — (a)  General. — 
No  concrete  shall  be  placed  until  all  formwork, 
installation  of  parts  to  be  embedded,  and  prepara- 
tion of  surfaces  involved  in  the  placing  have  been 
approved.  No  concrete  shall  be  placed  in  water 
except  with  the  written  permission  of  the  contrac- 
ting authority,  and  the  method  of  depositing  the 
concrete  shall  be  subject  to  his  approval.  Concrete 
shall  not  be  placed  in  running  water  and  shall  not 
be  subjected  to  the  action  of  running  water  until 
after  the  concrete  has  hardened.  All  surfaces  of 
forms  and  embedded  materials  that  have  become 
encrusted  with  dried  mortar  or  grout  from  con- 
crete previously  placed  shall  be  cleaned  of  all  such 
mortar  or  grout  before  the  surrounding  or  adjacent 
concrete  is  placed. 

(b)  Foundation  Surfaces. — Immediately  before 
placing  concrete,  all  surfaces  of  foundations  upon 
or  against  which  the  concrete  is  to  be  placed, 
shall  be  free  from  standing  water,  mud,  and  debris. 
All  surfaces  of  rock  upon  or  .against  which  the 
concrete  is  to  be  placed,  shall,  in  addition  to  the 


foregoing  requirements,  be  clean  and  free  from 
oil,  objectionable  coatings,  and  loose,  semi- 
detached, or  unsound  fragments.  Earth  founda- 
tions shall  be  free  from  frost  or  ice  when  concrete 
is  placed  upon  or  against  them.  The  surfaces  of 
absorptive  foundations  against  which  concrete 
is  to  be  placed  shall  be  moistened  thoroughly  so 
that  moisture  will  not  be  drawn  from  the  freshly 
placed  concrete. 

(c)  Surfaces  of  Construction  and  Contraction 
Joints. — Concrete  surfaces  upon  or  against  which 
concrete  is  to  be  placed  and  to  which  new  concrete 
is  to  adhere,  that  have  become  so  rigid  that  the 
new  concrete  cannot  be  incorporated  integrally 
with  that  previously  placed,  are  defined  as  con- 
struction joints.  The  surfaces  of  construction 
joints  shall  be  clean  and  damp  when  covered  with 
fresh  concrete  or  mortar.  Cleaning  shall  consist 
of  the  removal  of  all  laitance,  loose  or  defective 
concrete,  coatings,  sand,  sealing  compound  if 
used,  and  other  foreign  material. 

The  surfaces  of  construction  joints  shall  be 
wet-sandblasted,  and  then  thoroughly  washed. 
The  sandblasting  and  washing  shall  be  performed 
at  the  last  opportunity  prior  to  placing  of  con- 
crete. The  surfaces  of  all  construction  joints  shall 
be  washed  thoroughly  with  air-water  jets  im- 
mediately prior  to  placement  of  adjoining  con- 
crete. All  pools  of  water  shall  be  removed  from 
the  surfaces  of  construction  joints  before  the  new 
concrete  is  placed.  The  surfaces  of  all  contraction 
joints  shall  be  cleaned  thoroughly  of  accretions 
of  concrete  or  other  foreign  material  by  scraping, 
chipping,  or  other  means  approved  by  the  con- 
tracting authority.  (Note. — Wet  sandblasting 
of  surfaces  of  construction  joints  is  usually  required 
for  these  structures  or  portions  of  structures 
where  watertight  construction  joints  are  essential. 
Delete  references  to  this  requirement  when  inappli- 
cable, or  apply  the  requirement  to  applicable 
features  only.) 

G-58.  Placing. — (a)  Transporting. — The  meth- 
ods and  equipment  used  for  transporting  concrete 
and  the  time  that  elapses  during  transportation 
shall  be  such  as  will  not  cause  appreciable  segre- 
gation of  coarse  aggregate,  or  slump  loss  in  excess 
of  1  inch,  in  the  concrete  as  it  is  delivered  into 
the  work. 

(b)  Placing. — After  the  surfaces  have  been 
cleaned  and  dampened  as  specified,  surfaces  of 
rock  and   unformed   construction   joints  shall   be 
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covered,  wherever  practicable,  with  ■  layer  of 
mortar  approximately  three-eighths  of  an  inch 
thick.  The  mortar  shall  have  the  same  propor- 
tions t.f  water,  air-entraining  agent,  cement,  and 
sand  us  the  regular  concrete  mixture,  unless  other- 
mac  directed.  The  water-cement  ratio  of  the 
mortar  in  place  shall  not  exceed  that  of  the  con- 
crete to  be  placed  upon  it.  and  the  consistency 
of  the  mortar  shall  be  suitable  for  placing  and 
working  in  the  manner  hereinafter  specified.  The 
mortar  shall  be  spread  uniformly,  and  shall  be 
worked  thoroughly  m  all  irregularities  <>f  the 
surface.  Concrete  shall  be  placed  immediaterj 
upon  the  fresh  mortar. 

Retempering  of  concrete  will  not  he  permitted. 
An\  concrete  which  has  become  so  -tilF  that 
proper  placing  cannot  he  assured,  shall  he  wasted, 
Concrete  shall  he  deposited  in  all  cases,  as  nearly 
as  practicable,  directly    in  its  final  position  and 

shall   not    he  caused   to   (low    such   that    the  lateral 

movement  will  permit  or  cause  segregation  of  the 

Coarse  aggregate,  mortar,  or  water  from  the  con- 
crete mass  Methods  and  equipment  employed 
in  depositing  concrete  in  forms  shall  he  such  as 
will  not  result  m  clusters  or  groups  of  coarse 
aggregate  particles  being  separated  from  the 
concrete  mass,  hut  if  clusters  do  occur,  they  shall 
littered  before  the  concrete  is  vibrated.     A 

feu  Mattered  individual  pieces  of  coarse  aggregate 
that  can  he  restored  into  the  mass  by  vibration 
will  not  he  objectionable. 

Concrete  in  tunnel  lining  may  he  placed  by 
pumping  Or  any  other  approved  method.     ( 'one  ret  e 

in  the  invert  shall  not  he  placed  by  pneumatic 
placing    equipment.     The    equipment     used     in 

placing  the  concrete,  and  the  method  of  its  opera- 
tion, -hall  he  BUch  as  will  permit  introduction  of 
the  concrete  into  the  forms  without  high-velocit} 
discharge,  and  resultant  separation.  After  the 
concrete  has  heen  built  up  over  the  arch  at  the 
start  of  a  placement,  the  end  of  the  discharge  line 
shall  he  kept  well  buried  in  the  concrete  during 
placement  of  the  arch  and  sidewalls  to  assure 
complete  filling.  The  end  of  the  discharge  line 
shall  he  marked  BO  as  to  indicate  the  depth  of 
burial   at    any    time.      Special   care  shall    he   taken 

to  force  concrete  into  all  irregularities  in  the  rock 
surfaces  and  to  completely  fill  the  tunnel  arch. 

Placing  equipment  shall  he  operated  by  expe- 
rienced operators  only,  ('old  joints  in  tunnel 
lining  shall  he  avoided  where  practicable.     In  the 


event  of  equipment  breakdown,  or  if  for  any  other 
reason  continuous  placing  will  he  interrupted,  the 
contractor  -hall  thoroughly  consolidate  the  con- 
crete at   BUch  joint-  tu  a  reasonably    uniform  and 

stable  slope  while  the  concrete  i-  plastic     The 

concrete  at  the  surface  of  such  cold  joint-  -hall  be 

cleaned  and  dampened  a-  required  for  construction 
joints  before  being  covered  with  fresh  mortar  and 

concrete 

Except  a-  intercepted  h\  joint-,  all  formed 
Concrete,  except  concrete  in  tunnel  lining,  -hall  he 
placed  in  continuous  approximately  horizontal 
layers,    the    depths    of    which    generall)    shall    not 

exceed  2(i  mche-      Lesser  depths  of  layers  \ull  he 

required  where  concrete  in  '20-inch  layers  cannot 
he  placed  in  accordance  with  the  requirements  of 
these  specifications.  All  intersections  of  con- 
struction joints  with  concrete  surfaces  which  will 
he  exposed  to  view,  shall  he  made  Straight  and 
level  or  plumb. 

Consolidation.     Concrete   shall   he   consoli- 
dated to  the  maximum  practicable  density,  so  that 

it    is    free    from    pockets   of   coarse    aggregate    ami 

entrapped  air.  and  close-  Bnugly  against  all  surfs 
of  forms  and  embedded  material-     Consolidation 

of  concrete  in  Btruct  nres  and  in  tunnel  lining  invert 
shall  he  by  electric-  or  pneumatic-driven,  immer- 
sion-type vibrators.  Consolidation  of  concrete 
in  the  side  walls  and  arch  of  tunnel  lining  shall 
he  by  electric- or  pneumatic-driven  form  vibrators 
supplemented  where  practicable  by  immersion- 
type  vibrators.  Concrete  vibrators  shall  be  oper- 
ated at  speeds  of  at  least  7.000  revolution-  per 
minute  when  immersed  in  the  concrete.  Form 
vibrators  -hall  be  rigidly  attached  to  the  forms 
and  shall  operate  at  speeds  of  at  least  B,000 
revolutions  per  minute  when  vibrating  concrete 
In  consolidating  each  layer  of  concrete,  the 
vibrator  shall  be  operated  in  a  near  vertical 
position  and  the  vibrating  head  shall  be  allowed 
to  penetrate  and  revibrate  the  concrete  in  the 
upper  portion  of  the  underlying  layer.  Layers 
of  concrete  shall  not  be  placed  until  the  layers 
previously  placed  have  been  worked  thoroughly 
as  specified,  ("are  shall  be  exercised  to  avoid 
contact    of    the    vibrating    head    with    surfaces    of 

the  forms. 

G-59.  Finishes  and  Finishing.  ■  (  <  I  I  nil  Al- 
lowable deviations  from  plumb  or  level  and  from 
the  alinement,  profile  grades,  and  dimensions 
shown  on  the  drawings,  as  specified  for  tolerances 
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for  concrete  construction,  are  defined  as  "toler- 
ances," and  are  to  be  distinguished  from  irregulari- 
ties in  finish  as  described  herein.  The  classes  of 
finish  and  the  requirements  for  finishing  of  concrete 
surfaces  shall  be  as  herein  specified  or  as  indcated 
on  the  drawings.  Finishing  of  concrete  surfaces 
shall  be  performed  only  by  skilled  workmen. 
Concrete  surfaces  will  be  tested  by  a  representative 
of  the  contracting  authority,  where  necessary  to 
determine  whether  surface  irregularities  are  within 
the  limits  hereinafter  specified. 

Surface  irregularities  are  classified  as  "abrupt"  or 
"gradual."  Offsets  caused  by  displaced  or  mis- 
placed form  sheathing  or  lining  or  form  sections,  or 
by  loose  knots  in  forms  or  otherwise  defective 
form  lumber,  will  be  considered  as  abrupt  irregu- 
larities, and  will  be  tested  by  direct  measurements. 
All  other  irregularities  will  be  considered  as  gradual 
irregularities,  and  will  be  tested  by  use  of  a 
template  consisting  of  a  straightedge  or  the  equiva- 
lent thereof  for  curved  surfaces.  The  length  of 
the  template  will  be  5  feet  for  testing  of  formed 
surfaces  and  10  feet  for  testing  of  unformed 
surfaces. 

(b)  Formed  Surfaces. — The  classes  of  finish  for 
formed  concrete  surfaces  are  designated  by  use  of 
symbols  Fl  and  F2.  No  sack  rubbing  or  sand- 
blasting will  be  required  on  formed  surfaces.  No 
grinding  will  be  required  on  formed  surfaces, 
other  than  that  necessary  for  repair  of  surface 
imperfections.  Unless  otherwise  specified  or  indi- 
cated on  the  drawings,  the  classes  of  finish  shall 
apply  as  follows: 

Fl. — Finish  Fl  applies  to  formed  surfaces 
upon  or  against  which  fill  material  or  concrete 
is  to  be  placed,  and  to  that  portion  of  the  up- 
stream face  of  a  concrete  dam  that  will  be 
covered  by  water  during  the  greater  part  of 
the  life  of  the  dam.  The  surfaces  require  no 
treatment  after  form  removal  except  for 
repair  of  defective  concrete  and  filling  ot 
holes  left  by  the  removal  of  fasteners  from 
the  ends  of  tie  rods,  as  required  in  section 
G-60  (Repair  of  Concrete),  and  the  specified 
curing.  Correction  of  surface  irregularities 
will  be  required  for  depressions  only,  and 
only  for  those  which  exceed  1  inch. 

F2. — Finish  F2  applies  to  all  formed  sur- 
faces not  permanently  concealed  by  fill 
material  or  concrete,  or  not  required  to  re- 
ceive  finish   Fl,   such   as   inside   surfaces   of 


tunnel  linings;  many  of  the  structures  that 
are  appurtenant  to  earthfill  dams,  including 
surfaces  of  outlet  works  and  open  spillways; 
galleries  and  tunnels  in  dams;  and  concrete 
dams.     Surface    irregularities    shall    not    ex- 
ceed one-fourth  of  an  inch  for  abrupt  irregu- 
larities and  one-half  of  an  inch  for  gradual 
irregularities.     (Note. — If  the  work  involved 
includes  any  surfaces  of  structures  which  are 
considered  to  be  of  special  importance,  such 
as  those  that  will  be  prominently  exposed  to 
public  inspection,  or  surfaces  for  which  ac- 
curate alinement  and  evenness  of  surface  are 
considered  of  paramount  importance  from  the 
standpoint  of  eliminating  destructive  effects 
of  water  action,   the  allowable  irregularities 
should  be  reduced  [2].     Also,  when  velocities 
downstream  from  the  gates  of  an  outlet  works 
will  be  in  excess  of  40  feet  per  second,  abrupt 
irregularities  on  inside  formed  surfaces  down- 
stream from  the  gates  which  are  not  parallel 
to  the  direction  of  flow  and  offset  into  the 
flow  should,  for  a  distance  of  approximately 
15  feet  downstream  from  the  gates,  be  com- 
pletely eliminated  by  grinding  on  a  1  to  20 
ratio  of  height  to  length,  and  all  other  abrupt 
irregularities  should  be  reduced  so  that  they 
do  not  exceed  one-quarter  of  an  inch  for  ir- 
regularities parallel  to  the  direction  of  flow 
and  one-eighth  of  an  inch  for  irregularities  not 
parallel  to  the  direction  of  flow.) 
(c)    Unformed  Surfaces. — The  classes  of   finish 
for  unformed  concrete  surfaces  are  designated  by 
the  symbols  Ul  and  U2.     Interior  surfaces  shall 
be  sloped  for  drainage  where  shown  on  the  draw- 
ings or  directed.     Surfaces  which  will  be  exposed 
to   the   weather   and   which   would   normally   be 
level,   shall  be  sloped  for  drainage.     Unless  the 
use  of  other  slopes  or  level  surfaces  is  indicated 
on  the  drawings  or  directed,  narrow  surfaces,  such 
as  tops  of  walls,  shall  be  sloped  approximately 
three-eighths  of  an  inch  per  foot  of  width ;  broader 
surfaces,  such  as  platforms  and  decks,  shall  be 
sloped  approximately  one-fourth  of  an  inch  per 
foot.     Unless  otherwise  specified  or  indicated  on 
the  drawings,  these  classes  of  finish  shall  apply 
as  follows: 

Ul. — Finish  Ul  (screeded  finish)  applies 
to  unformed  surfaces  that  will  be  covered  by 
fill  material  or  by  concrete.  Finish  Ul  is  also 
used  as  the  first  stage  of  finish  U2.     Finish- 
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ing  operations  shall  consisl  of  sufficient  level- 
ing and  screeding  to  produce  even,  uniform 
surfaces,  Surface  irregularities  shall  not 
exceed  three-eighths  <>f  an  inch. 

/  5  Finish  I  'J  (floated  finish)  applies  to 
unformed  surfaces  doI  permanently  concealed 
l>\  fill  material  or  concrete,  such  as  the  inverts 
of  tunnels;  floors  of  Bpillways,  outlet  works, 
and  >iillni<:  basins;  Boors  of  Bervice  tunnels, 
and  temporary  diversion  conduits;  and  tops 
of  walls.  Floating  may  be  performed  bj  use 
of  hand  or  pow er-driven  equipment.  Float- 
ing shall  he  Btarted  as  soon  a-  the  Bcreeded 
surface  has  stiffened  sufficiently,  and  shall  be 
the  minimum  necessary  to  produce  a  surface 

that  1-  fier  from  screed  mark-  and  i-  uniform 
in  texture.  Surface  irregularities  shall  not 
exceed  one-fourth  of  an  inch,  .hunts  and 
edges    shall    he    tooled    where    shown    on    the 

drawings,  or  directed.  (Note.  If  steel  trow- 
eling of  a  surface  is  nece-sarv.  finishes  l'l 
and  {'.  will  he  performed  as  the  first  stages 

for  the  steel-troweled  finish,  the  steel  trowel- 
ing to  he  performed  immediately  after  the 
floated  surface  has  hardened  sufficiently  to 
prevent  excess  of  fine  material  from  being 
drawn  to  the  surface;  the  troweling  to  he 
performed  with  firm  pressure,  such  as  will 
flatten  the  sandy  texture  of  the  Boated  sur- 
face and  produce  a  dense,  uniform  surface 
free  from  hleinishes  and  trowel  marks  [2]. 
When  velocities  downstream  from  the  gates 
of  an  outlet  works  will  he  in  excess  "f  40  feet 
per  second,  irregularities  on  inside  unformed 
BUrfaces  for  a  distance  of  approximately  1 5 
feet  downstream  from  the  gates  that  are  not 
parallel  to  the  direction  of  flow  and  are  offset 
into  the  Bow,  BUch  a-  may  occur  at  construc- 
tion joints,  or  elsewhere,  should  be  completely 
eliminated  by  grinding  on  a  1  to  20  ratio  of 
height  to  length). 

G-60.  Repair  of  Concrete.  Repair  of  concrete 
shall  he  performed  by  skilled  workmen.  The  con- 
tractor shall  correct  all  imperfections  on  the  con- 
crete surfaces  as  necessary  to  produce  surfaces 
that  conform  to  the  requirements  specified  for 
finishes  and  finishing.  Unless  <>t  berwise  approved, 
repair  of  imperfections  in  formed  concrete  -hall 
he  completed  within  24  hours  after  removal  of 
forms.  Fins  and  encrustations  shall  he  neatly 
removed  from  surfaces  for  which  finish  F2  i-  spec- 


ified, and  encrustations  shall  he  removed  from 
surfaces  for  which  finish  I  cified 

Concrete  that  i-  damaged  from  air  con- 

crete that   l-  honeycombed,  fractured,  or  oth< 

wise  defective,  and  concrete  which,  because  of 
excessive  surface  depressions,  must  be  excavated 
and  built  up  to  bring  the  surface  to  the  prescribed 
lines,  shall  !>'•  removed  and  replaced  with  dry 
pack,  mortal ,  or  concrete,  a-  hereinafter  specified. 
If  removal  of  the  ends  of  form  ties  results  in 
recesses  larger  than  one-fourth  of  an  inch  in  diam- 
eter or  in  the  minimum  dimension,  the  i 
shall  he  filled  with  dry  pack    I  '   That  fill- 

ing of  recesses  in  surfaces  designated  to  receive 
finish  l-'l  will  he  required  only  where  the  Burfai 

are  required  to  he  coated  with  dampproofine;.  and 
where  the  n  are  deeper  than   1   inch  in  wall- 

less  t  han   12  inches  thick. 

Where  bulges  and  abrupt  irregularities  protrude 

outside  the  limits  specified  for  finishes  and 
finishing  on  formed  BUrfaces  for  which  finish  F2  is 
required,  the  protrusions  shall  be  reduced  by  bush- 
hammering  and  grinding  so  that  the  BUrfaces  are 
within  the  specified  limits.  Dry  pack  shall  he 
used  for  filling  holes  having  at  least  one  surface 
dimension  little,  if  any.  greater  than  the  hole 
depth;  for  narrow  -lot-  cut  for  repair  of  crack-; 
for  grout  pipe  recesses;  and  for  tie-rod  fastener 
recesses  as  specified.  Dry  pack  shall  not  he  used 
for  filling  behind  reinforcement  or  for  filling  holes 
that  extend  completely  through  a  concrete  section. 
Mortar  filling,  placed  under  impact  by  use  of  a 
mortar  gun,  may  he  used  for  repairing  defects  on 
surfaces  designated  to  receive  Fl  and  F2  finishes 

where  the  defects  are  too  wide  for  dry  pack  filling 
and  too  shallow  for  concrete  filling  and  no  deeper 
than  the  far  side  of  the  reinforcement  that  i- 
nearest  the  surface.  Concrete  filling  shall  be  used 
for  holes  extending  entirely  through  concrete 
sections;  for  holes  in  which  no  reinforcement 
encountered  and  which  are  greater  in  area  than 
l  Bquare  foot,  and  deeper  than  4  inches;  and  for 
holes  iii  reinforced  concrete  which  are  greater  in 
area  than  one-half  square  foot  and  which  extend 
beyond  reinforcement. 

All  materials  used  in  the  repair  of  concrete  -hall 
conform  to  the  requirements  of  these  specifications 
and  the  repair-  shall  he  made  m  accordance  with 
the  procedures  of  the  Bureau  of  Reclamation  Con- 
crete   Manual    [3].      All    filling*    shall    he    bonded 

tightly  to  the  surfaces  of  the  holes  and  shall  be 
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sound  and  free  from  shrinkage  cracks  and  drummy 
areas  after  the  fillings  have  been  cured  and  have 
dried. 

G-61 .  Protection. — The  contractor  shall  protect 
all  concrete  against  injury  until  final  acceptance 
by  the  contracting  authority.  Immediately  fol- 
lowing the  first  frost  in  the  fall,  the  contractor  shall 
be  prepared  to  protect  all  concrete  against  freez- 
ing. After  the  first  frost,  and  until  the  mean  daily 
temperature  in  the  vicinity  of  the  work  site  falls 
below  40°  F.  for  more  than  1  day,  the  concrete 
shall  be  protected  against  freezing  temperatures 
for  not  less  than  48  hours  after  it  is  placed.  After 
the  mean  daily  temperature  in  the  vicinity  of  the 
worksite  falls  below  40°  F.  for  more  than  1  day, 
the  concrete  shall  be  maintained  at  a  temperature 
not  lower  than  50°  F.  for  at  least  72  hours  after 
it  is  placed. 

Concrete  cured  by  membrane  curing  will  require 
no  additional  protection  from  freezing  if  the  pro- 
tection at  50°  F.  for  72  hours  is  obtained  by  means 
of  approved  insulation  in  contact  with  the  forms 
or  concrete  surfaces;  otherwise,  the  concrete  shall 
be  protected  against  freezing  temperatures  for  72 
hours  immediately  following  the  72  hours  of  pro- 
tection at  50°  F.  Concrete  cured  by  water  curing 
shall  be  protected  against  freezing  temperatures 
for  3  days  immediately  following  the  72  hours  of 
protection  at  50°  F. 

Discontinuance  of  protection  against  freezing 
temperatures  shall  be  such  that  the  drop  in  tem- 
perature of  any  portion  of  the  concrete  will  be 
gradual  and  will  not  exceed  40°  F.  in  24  hours. 
After  March  15,  when  the  mean  daily  temperature 
rises  above  40°  F.  for  more  than  three  successive 
days,  the  specified  72-hour  protection  at  a  tem- 
perature not  lower  than  50°  F.  may  be  discon- 
tinued for  as  long  as  the  mean  daily  temperature 
remains  above  40°  F.:  Provided,  That  the  concrete 
shall  be  protected  against  freezing  temperatures 
for  not  less  than  48  hours  after  placement.  Where 
artificial  heat  is  employed,  special  care  shall  be 
taken  to  prevent  the  concrete  from  drying. 

G-62  Curing. —  (a)  General. — Concrete  shall  be 
cured  either  by  water  curing  in  accordance  with 
subsection  (b),  or  by  membrane  curing  in  accord- 
ance with  subsection  (c),  except  as  otherwise 
hereinafter  provided.  The  unformed  top  surfaces 
of  walls  and  piers  shall  be  moistened  by  covering 
with  water-saturated  material  or  by  other  effective 
means    as    soon    as    the    concrete    has    hardened 


DESIGN  OF  SMALL  DAMS 

sufficiently  to  prevent  damage  by  water.  These 
surfaces  and  steeply  sloping  and  vertical-formed 
surfaces  shall  be  kept  completely  and  continually 
moist,  prior  to  and  during  form  removal,  by  water 
applied  on  the  unformed  top  surfaces  and  allowed 
to  pass  down  between  the  forms  and  the  formed 
concrete  faces.  This  procedure  shall  be  followed 
by  the  specified  water  curing  or  membrane  curing. 

(b)  Water  Curing. — Concrete  cured  with  water 
shall  be  kept  wet  for  at  least  14  days  immediately 
following  placement  of  the  concrete  or  until 
covered  with  fresh  concrete:  Provided,  That  water 
curing  of  concrete  may  be  reduced  to  6  days  during 
periods  when  the  mean  daily  temperature  in  the 
vicinity  of  the  work  site  is  less  than  40°  F.: 
Provided  further,  That  during  the  prescribed  period 
of  water  curing  when  temperatures  are  such  that 
concrete  surfaces  may  freeze,  water  curing  shall 
be  temporarily  discontinued.  The  concrete  shall 
be  kept  wet  by  covering  with  water-saturated 
material  or  by  a  system  of  perforated  pipes, 
mechanical  sprinklers,  or  porous  hose,  or  by  any 
other  approved  method  which  will  keep  all  surfaces 
to  be  cured  continuously  (not  periodically)  wet. 
Water  used  for  curing  shall  meet  the  requirements 
of  these  specifications  for  water  used  for  mixing 
concrete. 

(c)  Membrane  Curing. — Membrane  curing  shall 
be  by  application  of  a  sealing  compound  which 
forms  a  water-retaining  membrane  on  the  surfaces 
of  the  concrete.  The  sealing  compound  shall  be 
white-pigmented  and  shall  conform  to  "Tentative 
Specifications  for  Liquid  Membrane  Forming 
Compounds  for  Curing  Concrete,"  ASTM  Desig- 
nation C  309-58.  The  compound  shall  be  of 
uniform  consistency  and  quality  within  each  con- 
tainer and  from  shipment  to  shipment. 

Sealing  compounds  shall  be  applied  to  the  con- 
crete surfaces  by  spraying  in  one  coat  to  provide 
a  continuous,  uniform  membrane  over  all  areas. 
Coverage  shall  not  exceed  150  square  feet  per 
gallon,  and  on  rough  surfaces  coverage  shall  be 
decreased  as  necessary  to  obtain  the  required 
continuous  membrane.  The  repair  of  surface 
imperfections  shall  not  be  made  until  after  appli- 
cation of  sealing  compound. 

When  sealing  compound  is  used  on  unformed 
concrete  surfaces,  application  of  the  compound 
shall  commence  immediately  after  finishing  opera- 
tions are  completed.  When  sealing  compound  is 
to  be  used  on  formed  concrete  surfaces,  the  sur- 
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laces  shall  be  moistened  \\  i t h  a  light  Bprs 
prater  immediately  after  the  forms  are  removed  and 
shall  be  kept  wet  until  the  Burfacea  will  not  absorb 
more  moisture,     As  soon  as  the  Burface  film  «>f 
moisture  disappears,  but   while  the  Burface  still 

ha-    B    iliiin|)    appearance,    the    sealing    compound 

shall  he  applied  special  care  -dmll  he  taken  to 
insure  ample  coverage  with  the  compound  at 
edges,  corners,  and  rough  spots  of  formed  Burfi 
After  application  of  the  Bealing  compound  has 
been  completed,  and  the  coating  is  dry  to  touch, 
urn  required  repair  of  concrete  surfaces  shall  be 
performed.  Bach  repair,  after  being  finished, 
shall  he  moistened  and  coated  with  Bealing  com- 
pound in  accordance  with  the  foregoing  require- 
ments 

Equipment  for  applying  Bealing  compound  and 
the  method  of  application,  shall  he  in  accordance 
with  the  provisions  of  the  Bureau  of  Reclamation 
(  'on ci  etc  Manual  (2).     Traffic  and  other  operations 

by  the  contractor  shall  he  such  as  to  avoid  damage 
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to  coatings  of  Bealing  compound  for  a  period  of 
not  le-s  than  28  days  Where  n  i-  impossible, 
because  of  construction  operations,  i<>  avoid 
traffic  over  surfaces  coated  with  sealing  compound, 
the  membrane  -hall  he  protected  by  a  covering  of 

sand  or  earth  not  less  than  1  inch  in  thickni 
by  other  effective  mean-  The  protective  covering 
shall  not  he  placed  until  the  Bealing  membrane  is 
completely  dry.  Before  final  acceptance  of  the 
work,  the  contractor  shall  remove  all  -and  or 
earth  covering  in  an  approved  manner.  Anj 
Bealing  membrane  that  is  damaged  or  that  peels 
from  concrete  Burfacea  within  28  days  after  ap- 
plication, shall  he  repaired  without  delay,  and  in 

an  appro\  ed  manner. 

Sealing  compounds  will  he  accepted  on  manu- 
facturer's certification  of  compliance  unh  Bpeci- 
fications,  but   permission  to  Bhip  on  certification 

shall  in  no  way  relieve  the  contractor  of  the  re- 
sponsibility for  furnishing  compound  meeting 
specifics!  ions  requirements. 


E.     MISCELLANEOUS 


G-63.  Diversion  and  Care  of  River  During  Con- 
struction and  Removal  of  Water  from  Foundations. 
(a)  dim  nil.  The  contractor  shall  construct  and 
maintain  all  necessary  cofferdams,  channels, 
flumes,  drams.  sumps,  and  or  other  temporary 
diversion  and  protective  works;  shall  furnish  all 
materials  required  therefor;  and  shall  furnish, 
install,  maintain,  and  operate  all  necessary  pump- 
ing and  other  equipment  for  removal  of  water 
from  the  various  parts  of  the  work  and  for  main- 
taining the  foundations  and  other  parts  of  the 
work  free  from  water.  After  having  served  their 
purpose,  all  cofferdams  or  other  protective  works 
downstream  from  the  dam  shall  he  removed  from 
the  river  channel,  or  leveled  to  give  a  Bightly 
appearance,  so  as  not  to  interfere  in  any  way  with 
the  operation  or  usefulness  of  the  reservoir,  and 
m  a  manner  approved  by  the  contracting  au- 
thority. All  cofferdams  or  other  protective  works 
constructed  upstream  from  the  dam  and  not  a 
part  of  the  permanent  dam  embankment  shall  he 
removed  or  leveled  and  graded  to  the  extent  re- 
quired to  prevent  obstruction  in  any  degree  what- 
ever of  the  flow  of  water  to  the  spillway  or  outlet 

works      The  contractor  shall  he  responsible  for 
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and  -hall  repair  at  his  expense  any  damage  to 
the  foundations,  structure-,  or  any  other  part  of 
the  work  caused  by  floods,  water,  or  failure  of 
any  part  of  the  diversion  or  protective  won 

(hi   Plan  for  Diversion  <iml  ('mi  of  River  During 

Construction .  The  contractor's  plan  for  the  diver- 
sion and  care  of  the  river  during  construction  shall 
he  subject  to  approval.  The  plan  may  he  placed 
in  operation  upon  approval,  hut  nothing  in  this 
section  shall  relieve  the  contractor  from  full  re- 
sponsibility for  the  adequacy  of  the  diversion  and 
protective  works.    The  hydrographs  of 

and  discharge  curves  for  the  spillwa) 
and  outlet  work-  *  and  for  diversion)  are  -houn 
on  the  drawings  solely  for  the  information  of  the 
contractor  in  timing  bis  construction  operations 
to  prepare  for  such  Hood  storage  and  or  to  b\  pass 

such  flow  as  ma\  be  necessary.  The  contracting 
authority  does  not   guarantee   the  reliabilit]    or 

accuracy  of  any  of  these  curves  and  assumes  no 
responsibility  for  any  deductions,  interpreta- 
tion-, or  conclusions  which  may  be  made  from  the 
cur\ 

Except     as    otherwise    provided     below,    the    con- 
tractor shall   not   interrupt    nor  interfere  with   the 
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natural    flow   of    through 

the  damsite  for  any  purpose  without  the  written 
approval  of  the  contracting  authority.  *(The 
contractor  shall  at  all  times,  except  during  the 
closure  period,  pass  the  full  natural  flow  of  the 
stream    through  the  damsite  to  meet  prior   rights 

for     .     purposes.)       *(Final 

closure  shall  be  made  between  the  following  dates: 
) 


(c)  Removal  of  Water  from  Foundations. — The 
contractor's  method  of  removal  of  water  from 
foundation  excavations  shall  be  subject  to  the  ap- 
proval of  the  contracting  authority.  Where  ex- 
cavation for  cutoff  trenches  in  embankment  foun- 
dations extends  below  the  water  table  in  common 
material,  the  portion  below  the  water  table  shall 
be  dewatered  in  advance  of  excavation.  The  de- 
watering  shall  be  accomplished  in  a  manner  that 
will  prevent  loss  of  fines  from  the  foundation,  will 
maintain  stability  of  the  excavated  slopes  and  bot- 
tom of  the  cutoff  trench,  and  will  result  in  all  con- 
struction operations  being  performed  in  the  dry. 
The  use  of  a  sufficient  number  of  properly  screened 
wells  or  other  equivalent  methods  will  be  approved 
for  dewatering.  The  contractor  will  also  be  re- 
quired to  control  seepage  along  the  bottom  of  the 
cutoff  trench,  which  may  require  supplementing 
the  approved  dewatering  systems  by  pipe  drains 
leading  to  sumps  from  which  the  water  shall  be 
pumped.  Such  pipe  drains  shall  be  of  uniform 
diameter  for  each  run,  shall  be  provided  with 
grout  connections  and  returns  at  50-foot  intervals, 
and  shall  be  embedded  in  reasonably  well-graded 
gravel  or  like  material. 

During  the  placing  and  compacting  of  the  em- 
bankment material  in  a  cutoff  trench,  the  water 
level  at  every  point  in  the  cutoff  trench  shall  be 
maintained  below  the  bottom  of  the  embankment 
until  the  compacted  embankment  in  the  cutoff 
trench  at  that  point  has  reached  a  depth  of  10 
feet,  after  which  the  water  level  shall  be  maintained 
at  least  5  feet  below  the  top  of  the  compacted  em- 
bankment. When  the  embankment  has  been  con- 
structed to  an  elevation  which  will  permit  the 
dewatering  systems  to  maintain   the  water  level 


•Delete  or  revise  as  appropriate  and  add  pertinent  information  on  the  fol- 
lowing: 

(1)  Downstream  requirements. 

(2)  What  contractor  will  he  permitted  and  will  not  be  permitted  to  do. 

(3)  Work  to  be  accomplished  before  permanent  construction  may  he  used 
for  diversion  purposes. 

(4)  Work  to  be  accomplished  before  final  closure  can  be  made. 
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at  or  below  the  designated  elevations,  as  deter- 
mined by  the  contracting  authority,  the  pipe 
drains  including  surrounding  gravel  shall  be  filled 
with  grout  composed  of  water  and  cement  or  clay. 

(d)  Cost. — The  cost  of  furnishing  all  labor, 
equipment,  and  materials  for  constructing  coffer- 
dams, dikes,  channels,  flumes,  and  other  diversion 
and  protective  works;  removing  or  leveling  such 
works,  where  required;  diverting  the  river;  mak- 
ing required  closures;  maintaining  the  work  free 
from  water  as  required:  disposing  of  materials  in 
cofferdams;  and  all  other  work  required  by  this 
section  shall  be  included  in  the  prices  bid  in  the 
schedule  for  items  of  construction  work. 

G-64.  Concrete  or  Cement-Bound  Curtain. — The 
contractor  shall  construct  a  mixed-in-place  cement- 
bound  curtain,  or  a  concrete  or  cement-bound 
curtain  constructed  by  other  methods  that  will  be 
equivalent  to  a  mixed-in-place  cement-bound 
curtain.  At  least  30  days  before  beginning  any 
work  on  the  concrete  or  cement-bound  curtain, 
the  contractor  shall  submit,  for  approval,  plans 
and  specifications  for  the  work.  The  contractor 
shall  furnish  all  materials  and  equipment  required 
to  construct  the  mixed-in-place  or  other  type 
concrete  or  cement-bound  curtain.  The  curtain 
shall  have  a  minimum  effective  thickness  of  12 
inches  and  shall  be  constructed  to  the  depths  and 
elevations  shown  on  the  drawings  or  established 
by  the  contracting  authority  and  as  close  as 
practicable  to  the  established  lines.  The  cement 
used  in  the  curtain  shall  be  portland  cement 
conforming  to  the  requirements  of  section  G-46 
(Cement).  Particular  efforts  should  be  directed 
toward  maintaining  a  continuous,  unbroken  cutoff, 
by  bonding  around  the  end  of  the  previously 
placed  "pile"  whenever  shutdown  periods  occur 
and  construction  is  again  resumed.  The  curtain, 
when  completed,  shall  provide  a  reasonably  im- 
pervious barrier  to  the  passage  of  subsurface  flows. 
Any  royalties  due  because  of  the  mixed-in-place 
cement-bound  curtain  or  other  type  concrete  or 
cement-bound  curtain  being  placed  by  patented 
methods  or  use  of  patented  materials  shall  be  paid 
by  the  contractor. 

Measurement,  for  payment,  of  mixed-in-place 
cement-bound  curtain  or  other  type  concrete  or 
cement-bound  curtain  will  be  made  of  the  area  of 
curtain  placed,  based  on  the  depth  and  length  of 
the  curtain  along  the  centerline  of  the  curtain  as 
shown  on  the  drawings  or  established  by  the  con- 
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trading  authority.  Payment  for  constructing  con- 
crete or  cement-bound  curtain  will  be  made  at  the 
iimi  price  per  square  yard  lud  therefor  in  the 
schedule,  which  unit  price  shall  include  the  coal 
of  all  labor,  materials  and  equipment  required  to 
complete  the  cutoff  curtain,  regardless  of  the  t  j  \»- 
<>f  curtain  constructed:  Provided,  Thai  payment 
for  furnishing  and  handling  cement  will  be  made 
at  the  unit  pine  per  barrel  bid  therefor  in  the 
schedule. 

G-65.  Timber  Cutoff  Wall,  (a)  General.  The 
timber  cutoff  wall  shall  be  constructed  in  the 
trench  for  the  dam  in  accordance  with  the  details 
shown   on   the  drawings.     Tin'  contractor  shall 

furnish  all  materials  for  (he  timber  CUtoff  wall. 
including  all  lumber,  treatment  materials,  nails, 
holts,  nuts,  and  washers.  All  timber,  except  red- 
wood,   shall    be    treated    in    accordance    with    suh- 

section    (2),    below,     The   cutoff   wall    shall    be 

bedded    in    a    firm    foundation    and    shall    he   held 

vertically  while  the  compacted  impervious  backfill 

is  placed  ahont   it  ill  the  CUtoff  trench. 

ii:  Materials. — 

(1)    Lumber.      (Federal     Specification     MM    L 
7")lc.)      The  lumber  shall  be  Of  one  or  more  of  the 

Bpeciee  and  of  not  less  than  the  minimum  require- 
ments as  specified  below: 

Douglas-fir.  Douglas-fir  shall  he  "Con- 
struction" grade  timbers  for  the  planks  ami 
"Selected  Framing  and  Timbers"  for-  other 
members,  both  in  accordance  with  the  Stand- 
ard Grading  and   Dressing  Rules  No.   15  of 

the   West    ('oast    Lumber   Inspection    Bureau. 

Southern  and  longleaf  yellow  pine.  Planks 
shall  he  "square  edge  and  sound  utility 
timbers  and  heavy  joists"  and  other  timber 
-hall  he  structural  grades  "No.  1  Structural" 
for  longleaf  yellow  pine  and  "Dense  No.  1 
Structural"  for  southern  yellow  pine  in  accord- 
ance with  the  Standard  Grading  Rules  of  the 
Southern  Pine  Inspection  Bureau. 

Redwood.  Planks  shall  he  "sap  common 
dimension,  joists,  and  timbers,  -l  inches  and 
thicker"  and  other  timber  shall  he  "Dense 
Structural"  in  accordance  with  the  Standard 

Specifications     of      the     California      Redwood 

Association. 
2    Preservatin    treatment.     Preservative    shall 

he    coal-tar    creosote    or    -hall    he    a    pentachloro- 

phenol  solution  consisting  of  petroleum  oil  solvent 
and  not  less  than  .">  percent  by  weighl  of  penta- 


chlorophenol.  Coal-tar  creosote  -hall  conform  to 
Federal  Specification  'IT  v.  Pentachloi 

phenol    -hall    conform    to    Federal    Specification 

TT  \V  570a.  The  petroleum  oil  solvent  for  use 
with  the  pentachloropheno]  -hall  conform  to 
\o  I*  u  "Standard  for  Petroleum  used  in  Penta- 
chloropheno] and  Copper  Naphthenate  Solution-" 
of    the    American    Wood    Pie-ei\ei         \  uitioii. 

except    that    the  flash   point    -hall   not    he  leSS  than 

200  1'  with  Saybolt  Universal  viscosities  of  not 
more  than  200  seconds  at   100    F.  and  not  more 

than  45  Seconds  at  I'll)     F. 

Treatment    shall    he   hv    the   empty-cell    pro* 
either   with    or   without    initial    air.    in    accordance 

with  the  "Standard  Specification  for  the  Preserva- 
tive Treatment  of  Lumber  and  Timbers  by 
Pressure  Processes"  No.  ('l  and  C2  of  the  Ameri- 
can Wood  Preserver's  \  ociation  and  Federal 
Specification  TT  W  571c    Lumber  treated  with 

coal-tar     creosote     shall     have     a     minimum     net 

retention  of  id  pounds  per  cuhic  foot  for  Douglas- 
fir  under  .")  inches  thick  and  8  pounds  per  cuhic 
foot  for  Douglas-fir  5  inches  and  over,  and  8 
pounds  per  Cubic  foot   for  all  sizes  of  yellow    pine. 

Lumber  treated  with  pentachloropheno!  solution 

shall  have  a  minimum  net  retention  of  10  pounds 
per  cuhic  foot . 

(3j  NaiU  and  Spikee.  (Federal  Specification 
FF  S  606.)  Nails  and  spikes  shall  he  round  wire, 
flat  head,  diamond  point,  smooth  finish,  and 
bright. 

(4)  Bolts.  1  Federal  Specification  VV  B  571a.) 
Threads  for  all  holts  shall  he  coarse-thread  series, 
free  fit. 

(o)  Washers.  Washers  shall  he  of  standard 
commercial  quality  as  approved. 

(e)  Construction.  The  wall  shall  be  constructed 
of  A-  by  12-inch  plank  surfaced  one  side  and  4- 
by    4-inch     rough    wales:    Provided,    That     where 

timber  members  are  to  he  in  contact  with  rubber 

water-tops  or  elastic  filler  material,  the  contact 
surfaces  shall  he  surfaced.  Where  required,  mem- 
bers shall  he  cut  to  fit  the  weh  and  outer  hull)  of 
the  rubber  waterstops.  The  members  anchoring 
rubber  waterstop  shall  he  tightened  to  compress 
the  hull)  and  weh  in  an  approved  manner.  Holes 
for  holts  shall  he  hored  with  hits  having  the  same 
diameter  as  the  holts.  . Joints  between  end-  of 
adjoining  plank-  -hall  he  -t.-iL'L'cred  and  -eparated 
by  a  distance  of  not  less  than  12  inches.  Fach 
plunk  end  shall  he  held  with  two  sixtypenny  nail- 
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and  each  edge  of  each  plank  shall  be  fastened 
with  sixtypenn}T  nails  spaced  approximately  18 
inches,  and  staggered  on  opposite  edges  of  the 
plank.  The  ends  of  all  nails  shall  be  bent  over 
and  firmly  embedded  in  the  surface  of  the  planks. 

(d)  Measurement  and  Payment. — Measurement, 
for  payment,  for  treated  timber  for  cutoff  wall 
will  be  made  of  the  number  of  feet  board  measure 
of  planks  and  wales  in  place,  and  the  commercial 
cross-sectional  dimensions  will  be  taken.  Payment 
for  furnishing  and  erecting  treated  timber  for 
cutoff  wall  will  be  made  at  the  unit  price  per 
thousand  (1,000)  feet  board  measure  bid  therefor 
in  the  schedule,  which  price  shall  include  the  cost 
of  furnishing  and  installing  all  bolts,  nails,  and 
other  materials  incidental  to  construction  of 
the  cutoff  wall. 

G-66.  Steel  Sheet  Piling. — Steel  sheet  piling 
shall  be  driven  in  locations  as  shown  on  the 
drawings  or  as  directed  by  the  contracting  au- 
thorit}\  The  steel  sheet  piling  including  taper 
piles  and  special  intersections,  shall  be  furnished 
by  the  contractor.  The  piling  shall  be  driven  to 
the  depths  shown  on  the  drawings  or  prescribed 
by  the  contracting  authority,  with  the  top  of  each 
pile  at  the  elevation  shown  on  the  drawings  or 
established  by  the  contracting  authority.  Where 
required,  the  tops  of  piling  shall  be  cut  off  to  the 
required  elevation.  The  piling  shall  be  driven  as 
close  as  practicable  to  the  lines  shown  on  the 
drawings  or  established  by  the  contracting  au- 
thority, so  as  to  ensure  perfect  interlocking 
throughout  the  entire  length  of  each  pile.  The 
method  of  driving  shall  be  subject  to  the  approval 
of  the  contracting  authority. 

Assembling  frames  of  capped  wooden  piles  or 
other  suitable  temporary  guide  structures  fur- 
nished by  the  contractor  shall  be  used,  and  the 
steel  piling  shall  be  assembled  against  the  guides 
so  that  each  pile  is  plumb  at  both  edge  and  side. 
Such  temporary  guide  structures  shall  be  removed 
by  the  contractor  when  they  have  served  their  pur- 
pose. A  cast-steel  driving  head  shall  be  used  for 
driving  steel  sheet  piling.  Piles  ruptured  in  the 
interlock  or  otherwise  injured  in  driving  shall  be 
pulled  and  new  piles  driven.  Should  boulders  be 
encountered,  the  contractor  shall  make  every 
effort  to  drive  the  piling  to  the  required  depth, 
either  by  moving  or  shattering  the  boulder  or  by 
deviations  in  the  line  of  the  piling.  If  at  any  time 
the  forward  edge  of  the  steel-piling  wall  is  found 


to  be  out  of  plumb,  the  piling  already  assembled 
and  partly  driven  shall  be  driven  to  the  required 
depth,  and  taper  piles  shall  then  be  used  to  bring 
the  forward  edge  plumb  before  additional  piling 
is  assembled  or  driven.  The  maximum  per- 
missible taper  in  a  single  pile  shall  be  one-fourth 
inch  per  foot  of  length.  Where  welding  of  piles 
is  required  for  field  connections  the  welding  shall 
be  by  approved  methods. 

The  steel  sheet  piling  furnished  by  the  con- 
tractor shall  be  in  accordance  with  the  following 
requirements: 

(1)  Inspections  and  tests. — The  steel  piling 
shall  be  manufactured  from  steel  conforming 
to  ASTM  Designation  A  328-54  and  shall  be 
equal  to  United  States  Steel  Standard  Section 
MP-115  (nominal  weight  22  pounds  per 
square  foot).  All  material  furnished  and  all 
work  done  shall  be  subject  to  rigid  inspection 
and  no  material  shall  be  shipped  until  all 
tests,  analyses,  and  final  inspection  have 
been  made,  or  certified  copies  of  reports  of 
tests  and  analyses  or  manufacturer's  guar- 
antees shall  have  been  accepted.  If  test 
specimens  are  required  for  analyses  they  shall 
be  properly  boxed  and  prepared  for  shipment. 

(2)  Type  and  general  description  of  piling. — 
The  piling  shall  have  a  continuous  interlock 
rolled  integral  with  the  pile  throughout  its 
entire  length.  The  interlock  shall  permit 
an  angular  movement  between  adjoining  piles 
of  not  less  than  10°  in  either  direction  from 
the  centerline.  In  order  to  withstand  difficult 
driving  requirements  the  steel  piling  shall  be 
hard  and  tough  to  resist  battering  and  shock, 
and  shall  also  be  free  from  objectionable 
brittleness. 

Measurement,  for  payment,  of  steel  sheet 
piling  will  be  made  of  the  area  remaining  in  place 
and  on  the  basis  of  22  pounds  per  square  foot. 
Payment  for  furnishing  and  driving  steel  sheet 
piling  will  be  made  at  the  unit  price  per  pound  bid 
therefor  in  the  schedule,  which  unit  price  shall 
include  the  cost  of  driving  the  piling,  welding  of 
field  connections,  cutting  the  tops,  and  pulling 
and  replacing  unsatisfactory  piling  as  described 
in  this  section. 

G-67.  Consolidation  of  Dam  Foundation  by  Flood- 
ing.— Consolidation  of  the  dam  foundation  by 
flooding  will  be  required  in  the  embankment  area 
as  outlined  on  the  drawings.     The  consolidation 
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of  the  dam  foundation  will  be  accomplished  l>\ 
progressively  flooding  separate  sections  <»f  the 
foundation,  The  flooding  shall  be  Buch  that  com- 
plete saturation  of  the  foundation  will  be  ac- 
complished iiud  n  continuous  water  cover  to  a 
minimum  depth  of  12  inches  shall  be  maintained. 

Before  fl ling  is  started,  the  excavation  for  the 

dam  foundation  shall  be  completed  a--  provided  in 
section  <■  0  (Excavation  for  Dam  Embankment 
Foundation  At  Buch  time  as  is  approved  l>\  the 
contracting  authority,  the  contractor  -hall  begin 
consolidation  of  (In-  foundation  l>\  flooding  with 
trater,  The  flooding  operations  -hall  be  con- 
tinued until  the  desired  penetration  and  sat  unit  ion 
has  been  attained:  Provided,  That  the  contractor 
will   not    be  required   to  provide  plant   capaoit) 

-illlicieiit     to    supply     water    ill    excess    of 

gallons  per  day:  Provided  further,  That  the  con- 
tractor w  ill  not  l>e  required  to  maintain  continuous 

flooding  of  anv  individual  section  to  a  minimum 
depth  of  12  inches  for  longer  than  lid  days.  In 
the  event  of  plant  failure,  the  maximum  time 
limit   of  60  days  for  anv    BCCtion  will  he  extended 

by  the  same  number  of  days  as  pumping  is  inter- 
rupted by  plant  failure,  if  the  desired  penetration 
and  saturation  has  not  been  attained  prior  to  that 
time.  Additional  pumping,  if  required  in  any 
section    beyond    the    60-day    period,    except    where 

extension  of  the  uu-dav  period  is  due  to  failure  of 
plant,  will  he  ordered  in  writing  by  the  contracting 

authority  and  payment  thereof  will  he  made 
a-  extra  work. 

The  quantity  stated  in  the  schedule  for  water 
for  consolidation  of  dam  foundation  is  an  estimate 
only  of  the  amount  to  he  required,  and  the  con- 
tractor shail  he  entitled  to  no  additional  com- 
pensation above  the  unit  prices  bid  in  the  schedule 

h\  reason  of  any  amount  or  none  being  required. 

The  contractor  shall  he  responsible  for,  and  shall 
repair  at  his  own  expense,  any  damage  to  the 
dam    foundation   or  anv    part    of  the  work   caused 

h\    excessive  pumping  or  failure  of  pipeline 

temporary  dike-  No  payment  will  he  made  for 
water  lost  due  to  failure  of  any  part  of  the  con- 
tractor's water-SUppl}  Bystem  or  dike-  The  con- 
solidation of  the  dam  foundation  shall  he  scheduled 
so  that  a-  -hort  a  time  as  practicable  will  elapse 
between    the   time   the  consolidation    1-  completed 

and  the  earth  embankment  is  placed.  Measure- 
ment, for  payment,  of  water  for  consolidation  of 
dam   foundation   will   he  made  h\    metering  the 


water  near  the  point  or  point-  of  discharge  into 
the  dam  foundation  Meter--  furnished  and  in- 
stalled   h\    the  contractor  shall    he   tested   for  ac- 

curac\  prior  to  use.     Payment  for  water  for  oon- 

Bolidation  of  dam  foundation  will  he  made  at  the 
unit  prices  per  million  gallons  hid  therefor  in  the 
Schedule,  which  unit  prices  shall  include  the  COS  I 
of  all  water  and  the  cost  of  all  labor,  material-,  and 

operations  required  for  continuous!}  flooding  the 

dam  foundation  a-  described  in  tin-  seCtiOD,  in- 
cluding the  cost  of  constructing,  maintaining,  ami 
removing  the  necessar}  temporary  dikes    Pro    ■/<</, 

That  the  cost  of  all  plants  -hall  he  included  in  the 
unit  price  hid  in  the  schedule  for  water  for  con- 
solidation   of    dam    foundation,    less    than 

gallons. 

G-68.    Topsoil    for    Seeding.       The     item     of     the 

Bchedule  for  topsoil  for  Beeding  consists  of  loading, 
hauling,  placing,  spreading,  and  rolling  selected 

topsoil  material.  The  lop-nil  shall  he  placed  on 
the  downstream  slope  of  the  dam  einhaiikinent  at 

locations  shown  on  the  drawings  or  designated  by 
the  contracting  authority.  All  operation-  in- 
volved in  the  placing,  spreading,  and  rolling  of  the 

topsoil    Bhall     he    BUbjeCt     to    the    approval    of    the 

contracting  authority.  Selected  top-oil  -hall  be 
obtained  from  approved  stockpiles  of  materials 

from  excavation  for  dam  einhankinent  foundation 

or  from  -t  ripping  from  borrow  ana-,  or  from  other 
approved  source-  The  material  shall  contain  the 
most  fertile  loam  available  from  approved  BOW 
and  shall  he  free  from  excessive  quantities  of 
<^rass,  root-,  weeds,  Bticks,  -tones,  or  other  objec- 
tionable materials.  Area-  to  receive  topM.il  shall 
he  brought  to  within  l  foot  of  the  prescribed  final 
cross  aection  at  all  points  and  finished  smooth  and 
uniform  before  the  topsoil  is  applied.  Top-oil 
shall  he  evenly  placed  and  spread  over  the  graded 
area  and  compacted  in  two  Layers,  each  by  one 
pass  of  a  roller  weighing  not  less  than  ."ill  pounds 
per  linear  inch  of  length  of  drum.  Top-oil  shall 
not  he  placed  when  the  subgrade  is  frozen  or  in 
a  condition  otherwise  detrimental  to  proper  grad- 
ing and  Beeding  as  determined  by  the  contracting 
authority. 

Measurement,  for  payment,  for  topsoil  will  be 
by  volume,  compacted  in  place  within  the  lines 
-how  n  on  the  drawings  or  a-  established  by  the 
contracting  authority.     Payment   for  top-oil  for 

ding  will  he  made  at  the  unit  price  per  cubic 
yard     bid     therefor    in    the    schedule,     which    unit 
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price  shall  include  the  cost  of  loading,  hauling, 
placing,  spreading,  and  rolling  the  topsoil,  and 
shall  also  include  the  cost  of  excavating  additional 
suitable  topsoil  material  if  sufficient  quantity  of 
such  material  is  not  obtained  from  approved 
stockpiles. 

G-69.  Water  for  Seeded  Areas. — It  is  expected 
that  it  will  be  necessary  to  irrigate  the  seeded 
areas  in  preparing  the  seedbed  and  to  promote 
germination  and  growth  of  the  plants.  The 
frequency  of  application  and  quantities  of  irriga- 
tion water  used  will  be  determined  by  the  con- 
tracting authority.  The  contractor  shall  provide 
a  temporary  sprinkler  irrigation  system  of  pipe- 
lines or  mobile  water  tanks  to  provide  for  uniform 
application  of  water  over  the  entire  seeded  areas 
and  complete  control  of  the  amount  of  water  at  all 
times  to  eliminate  erosion.  The  contractor  shall 
repair  at  his  own  expense  any  damage  to  the 
slopes  or  any  part  of  the  work  caused  by  excessive 
or  irregular  application  of  irrigation  water.  The 
quantity  stated  in  the  schedule  for  water  for 
seeded  areas  is  an  estimate  only  of  the  amount  to 
be  required,  and  the  contractor  shall  be  entitled 
to  no  additional  compensation  above  the  unit 
price  bid  in  the  schedule  by  reason  of  any  amount 
or  none  being  required. 

Measurement,  for  payment,  of  water  for  seeded 
areas  will  be  made  by  metering  the  delivery 
pipeline  using  meters  furnished  and  installed  by 
the  contractor  or  by  tank  gallonage  delivered 
through  the  sprinkler  heads  and  applied  to  the 
seeded  areas.  Payment  for  water  for  seeded 
areas  will  be  made  at  the  unit  price  per  thousand 
gallons  bid  therefor  in  the  schedule,  which  unit 
price  shall  include  the  cost  of  all  labor,  materials, 
plant,  and  operations  required  for  sprinkler 
irrigation  of  the  seeded  areas  as  described  in  this 
section,  including  the  cost  of  removing  the 
pipelines,  if  used. 

G-70.  Seeding. — Seeding  shall  consist  of  ground 
preparation,  furnishing  approved  seed,  sowing  or 
planting,  and  covering  the  seed.  Seeding  shall 
be  completed  on  areas  shown  on  the  drawings  or 
as  designated  by  the  contracting  authority. 
Seeding  shall  be  done  in  the  early  spring  unless 
otherwise  authorized.  The  contractor  shall  seed 
at  each  seeding  season  that  portion  of  the  desig- 
nated seeded  areas  which  has  been  completed 
since  the  last  seeding  season,  or  since  the  start  of 
construction  for  the  first  seeding  season. 

All  seed  shall  comply  with  the  seed  laws  of  the 


State    of    ,    and    shall    be 

subject  to  all  regulations  of  the  U.S.  Department 
of  Agriculture.  All  seed  shall  be  labeled  and  shall 
be  subject  to  sampling  and  testing  in  accordance 
with  the  U.S.  Department  of  Agriculture  rules  and 
regulations  under  the  Federal  Seed  Act  in  effect 
on  the  date  of  invitation  for  bids.  It  shall  be 
furnished  in  sealed  standard  containers  except  as 
otherwise  permitted  by  the  contracting  authority. 
Duplicate  signed  copies  of  the  vender's  statement 
shall  be  furnished  to  the  contracting  authoritv, 
certifying  that  each  container  of  seed  delivered 
is  at  least  equal  to  the  specifications  requirements. 
This  certificate  shall  appear  on  or  with  all  copies 
of  invoices  for  the  seed.  Each  lot  of  seed  shall 
contain  the  following  minimum  percentage,  by 
weight,  of  live  pure  seed.  (List  types  of  seed 
and  percentage  of  each  type.) 

After  the  topsoil  has  been  placed  on  the  seeding 
areas  and  leveled  and  compacted  to  finished 
grade,  it  shall  be  brought  to  a  friable  condition  by 
harrowing  or  otherwise  loosening  and  mixing  to  a 
depth  of  at  least  3  inches.  All  lumps  and  clods 
shall  be  thoroughly  broken  with  an  appropriate 
corrugated  roller  of  the  farm  soil  pulverizer 
type,  or  by  other  means  as  approved  by  the 
contracting  authority.  Seeds  shall  be  sown  in  the 
amount  shown  in  the  following  tabulation.  (List 
types  of  seed  and  amounts  to  be  sown  in  pounds 
per  1,000  square  yards.) 

All  seeding  shall  be  by  drilling,  except  in  such 
areas  as  are  inaccessible  to  drilling  equipment. 
If  the  drill  is  not  equipped  with  press  wheels 
the  seeding  operation  shall  be  followed  by  rolling. 
Seed  shall  be  uniformly  drilled  to  a  depth  of  one- 
third  to  three-fourths  inch  and,  where  feasible, 
in  approximately  horizontal  rows  along  the  face 
of  slope  areas.  The  seed  combination  shall  be 
well  mixed  to  insure  uniform  distribution  of 
each  type.  In  areas  where  drilling  of  seed  is 
impracticable  the  seed  shall  be  broadcast  by  an 
approved  seeder.  Where  broadcasting  must  be 
resorted  to,  the  rate  of  application  shall  be 
increased  by  50  percent,  maintaining  the  same 
proportions.  The  seed  shall  be  sown  in  two 
directions,  at  right  angles  to  each  other,  one-half 
in  each  direction.  Broadcast  seeding  shall  not 
be  done  in  windy  weather.  A  final  check  will  be 
made  of  the  total  quantity  of  seed  used,  against 
the  total  area  seeded.  If  such  check  shows 
that  the  contractor  has  not  applied  seed  at  the 
specified  rate  per  1,000  square  yards,  he  will  be 
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required  to  uniformly  distribute  additional  teed 
to  meet  i  he  shortage, 

Immediately  after  seeding,  the  seeded  area  shall 
be  uniformlj  covered  at  the  rate  of  300  pounds 
per  1,000  square  yards  with  a  mulch  composed 
of  ripe  native  hay,  sudan  grass  <>r  other  approved 
hay  or  stra*  threshed  from  wheat,  oats,  barii 
or  rye      The  mulch  Bhall  be  anchored  to  the  t » > [ > - 

soil    by    a    V-type    wheel    land    packer    or    similar 

implement.  In  areas  inaccessible  for  use  of  the 
land  packer  or  similar  implement,  the  mulch  shall 
hi'    covered    thinly    with    topsoil    or    anchored    by 

poultry  netting  and  stakes     The  contractor  shall 

maintain  the  seeded  areas  until  all  work  on  the 
entire  area  has  been  completed  and  accepted.  If 
the  surface  becomes  gullied  or  otherwise  damaged, 

it  shall  be  restored  to  the  finished  grade  and  soil 

conditions   and    reseeded    in   accordance  with   this 

section. 

Measurement,  for  payment,  for  seeding  will  be 
made  of  the  number  of  1,000  square  yards  of 
areas  actually  seeded  at  the  direction  of  the  con- 
tracting authority.  Payment  for  seeding  will  be 
made  at  the  unit  price  per  1,000  square  yards 
bid  in  the  schedule  for  seeding,  which  unit  price 
shall   include  all  labor,   materials,   and  equipment 

for  preparation  of  the  ground,  furnishing  the  seed 
and    mulch,    sowing   or    planting,    mulching   and 

maintaining  the  seeded  slopes  until  acceptance  by 

the  contracting  authority  or  the  termination  of 

the   contract. 

G-71.  Joints  in  Concrete.  — (a)  Construction 
Joints.  The  location  of  all  construction  joints 
in  concrete  work  shall  be  subject  to  approval, 
and  the  joints  shall  be  constructed  m  accordance 
with  section  G-57  (Preparation  for  Placing)  and 
section  G-58  (Placing).  The  entire  cost  of  con- 
structing the  joints  shall  be  included  in  the  price 
bid    in    the    schedule    for    concrete    in    which    the 

joints  are  required. 

b  Contraction  Joints.  Contraction  joints  of 
the  types  shown  on  the  drawings  shall  be  con- 
structed at  the  locations  shown  The  joints  shall 
be  made  by  forming  the  concrete  on  one  side  of 
the  joint  and  allowing  it  to  set  before  concrete 
is  placed  on  the  other  side  of  the  joint.  The  sur- 
face of  the  concrete  first  placed  at  a  contraction 
joint  shall  be  coated  with  sealing  compound  before 
the  concrete  on  the  other  side  of  the  joint  is  placed. 
The  sealing  compound,  shall  conform  to  "Tenta- 
tive Specifications  for  Liquid  Membrane-Forming 


•  ompoundi  for  Curing  Concrete,"  ASTM  D.-ig- 

nation  C  309 

ESxcepI  a-  Otherwise  provided  for  furnishing  and 

placing  joint  materials,  the  enure  cost  of  con- 
structing contraction  joints  -hall  be  included  in 
the   prices   bid   in   the  schedule  for   the  concrete   in 

u Inch  the  joints  are  required 

G-72.  Rubber  Waterstop.  (l  General.  Rub- 
ber waterstop  shall  be  furnished  and  placed  in 
the  joints  at  the  locations  shown  <m  the  drawings 
or  where  directed  Rubber  waterstop  shall  be 
furnished  in  accordance  with  the  details  shown 
on    drawing    No.  The    contractor    shall 

also  furnish  all  labor  and  materials  for  making 
field  splices  in  rubber  waterstop.  The  contractor 
shall  take  suitable  precautions  to  support  and 
protect  the  waterstop  during  the  progress  of  the 
work  and  shall  repair  or  replace  any  damaged 
waterstop.  All  waterstop  shall  be  Btored  in  as 
cool  a  place  as  practicable,  preferably  at  70°  K. 
or  less.  Waterstop  shall  not  be  stored  in  the 
open  or  where  it  will  be  exposed  t<»  the  direct 
rays  of  the  sun  All  waterstop  shall  be  protected 
from  oil  or  green 
(b)     Matt  rials. — 

(1)  Rubber  waterstop.  The  rubber  water- 
stop  shall  be  fabricated  from  a  high-grade, 
tread-type   compound.    The   basic    polymer 

shall  be  natural  rubber  or  a  synthetic  rubber. 
The  material  shall  be  compounded  and  cured 
to  have  the  following  physical  characteristics 


Natural 
rubber 

Synthetic 
rubber 

Tensile  strength,  pounds  per  square 
Inch,  minimum 

TcjimIc  strength  at  300-percent  modu- 
lus, pounds  per  square  lneh,  mini- 
mum. 

Klonftatlon  at  break,  percent,  mini- 
mum 

Shore  durome!- 

3.S00 
I.4.V1 

• 

1,180 
4Nl 

• 
l  i.i±(>03 

n 

Specific  gravity 

Absorption  of  water.  t>v  weight.  |«r- 

1  I5±' 

cent  maximum  (2  days  at  7n    0 
Coin|>r                          ■[slant  deflection' 

30. 

pram  of  original  deflection,  maxi- 
mum 

- 

SO. 

Mir. 

|K>uti'l-  pat  m|ii  OT  inch     |-rient  of 
It  strength  before  aging,  mini- 
mum 

Kliiiig.il ion  after  o\\geii  i 

.  :««i  poundi  |ht 

-■iiiarc  mcli     pmm   of  elongation 
iging.  minimum 

- 

80. 
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(2)  Gum  rubber  and  rubber  cement. — Gum 
rubber  and  rubber  cement  shall  be  suitable 
for  making  field  connections  in  rubber  water- 
stop  as  described  in  subsection  (e)(2)  below. 

(c)  Fabrication. — The  rubber  waterstop  may  be 
molded  or  extruded.  All  material  shall  be  molded 
or  extruded  and  cured  in  such  a  manner  that  any 
cross  section  will  be  dense,  homogeneous,  and  free 
from  porosity  and  other  imperfections.  Minor 
surface  defects  such  as  surface  peel  covering  less 
than  1  square  inch,  surface  cavities  or  bumps  less 
than  %  inch  in  longest  lateral  dimensions  and  less 
than  ){6  inch  deep  will  be  acceptable.  Suck  back 
along  flash  lines  of  molded  goods  will  be  acceptable 
if  not  more  than  jU  inch  wide,  %6  inch  deep,  and 
not  more  than  2  feet  long.  The  tolerances  shown 
on  the  drawing  shall  govern  all  cross-sectional 
dimensions.  Any  defects  which  are  not  within  the 
above  limitations  either  shall  be  repaired  as  ap- 
proved by  the  contracting  authority  or  shall  be 
removed  from  the  finished  product  by  cutting  out 
a  length  of  waterstop  containing  such  defects  and 
splicing  the  waterstop  at  that  point.  All  factory 
splices  shall  be  molded  splices.  Molded  splices 
shall  be  made  by  vulcanizing  the  splices  in  a  steel 
mold  for  a  time  sufficient  to  produce  maximum 
strength  in  the  splice.  All  molded  splices  shall 
withstand  being  bent  180°  around  a  2-inch-diam- 
eter  pin  without  any  separation  at  the  splice. 

*  (Rubber  waterstop  for  joints  in  the  barrel  or 
box  portions  of  siphons,  culverts,  or  other  pressure 
conduits  shall  be  furnished  in  continuous  circular 
hoops.  The  hoops  shall  be  fabricated  from 
straight  strip  waterstop  with  the  ends  spliced 
together  with  molded  splices  to  form  a  closed  ring 
of  the  specified  circumferential  length.  A  toler- 
ance of  plus  or  minus  2  inches  will  be  permitted  in 
the  circumferential  length  of  each  hoop.) 

(d)  Inspection  and  Tests. — Rubber  waterstop 
will  be  subject  to  inspection  and  tests  before  ship- 
ment. Material  for  tests  shall  be  furnished  by  the 
manufacturer  and  all  tests  shall  be  made  at  the 
place  of  the  manufacturer  of  the  rubber  water- 
stop. 

Except  as  otherwise  provided  below,  general 
sampling  procedures  and  definitions  of  terms  used 
herein  shall  be  in  accordance  with  section  6  of 
Federal  Test  Method  Standard  No.  601. 


•Revise  or  delete  as  appropriate. 
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(1)  Sampling  for  inspection. — All  materials 
furnished  will  be  subject  to  visual  inspection 
for  defects,  imperfections,  and  physical  dimen- 
sions. 

(2)  Sampling  for  tests. — Samples  for  labora- 
tory tests  to  determine  physical  properties  of 
the  compound  shall  be  taken  in  accordance 
with  a  random  process  to  obtain  the  following 
number  of  test  units  from  each  separate 
purchase  order: 

Size  of  purchase  order,  linear  feet:  test  unit 

500  or  less 1 

501  to  1,000 2 

1,001  to  5,000 4 

5,001  to  10,000 8 

Over  10,000 15 

At  the  option  of  the  manufacturer,  labora- 
tory tests  to  determine  physical  properties  of 
the  rubber  waterstop  required  to  be  furnished 
under  these  specifications  shall  be  performed 
on  test  specimens  cut  from  (1)  test  units 
taken  from  the  finished  rubber  product,  or 
(2)  substitute  samples  furnished  in  accord- 
ance with  paragraph  3.5  of  section  6,  Federal 
Test  Method  Standard  No.  601. 

(3)  Methods  of  tests. — Tests  shall  be  made 
in  accordance  with  the  following  methods 
described  in  Federal  Test  Method  Standard 
No.  601: 

Tensile  strength Method  4111. 

Elongation Method  4121. 

Durometer Method  3021. 

Specific  gravity Method  14011. 

Water  absorption Method  6251. 

Compression  set Method  3311. 

Oxygen  pressure  test..  Method  7111,  except 
the  time  interval  of 
test  shall  be  48  ±}i 
hours. 

(e)  Installation- — The  waterstop  shall  be  in- 
stalled with  approximately  one-half  of  the  width 
of  the  material  embedded  in  the  concrete  on  each 
side  of  the  joint.  Care  shall  be  exercised  in  plac- 
ing and  vibrating  the  concrete  about  the  water- 
stop  to  insure  complete  filling  of  the  concrete 
forms  under  and  about  the  waterstop,  and  to 
obtain  a  continuous  bond  between  the  concrete 
and  the  waterstop  at  all  points  around  the  periph- 
ery of  the  waterstop.  In  the  event  the  waterstop 
is  installed  in  the  concrete  on  one  side  of  a  joint 
more  than  1  month  prior  to  the  scheduled  date  of 
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placing  the  concrete  <>n  the  other  Bide  i>f  the  joint, 
■he  exposed  waterstop  shall  be  covered  or  shaded 
in  protect  it  from  the  direct  rays  of  the  bud  during 
the  exposure 

i  Field  aplicea  All  Bplicee  in  continuous 
circular  hoops  -hall  be  molded  Bplii 
Splices  in  waterstop  other  than  continuous 
circular  hoops  ^Im  11  be  made  either  as  molded 
Bplicee  or  l>\  the  use  <>f  molded  rubber  -pining 
aleeves  All  molded  Bplicee  shall  be  made 
h\  vulcanizing  the  Bplicee  in  a  Bteel  mold  as 
follows.  The  adjoining  ends  at  Bplicee  -hull 
l)c  beveled  at  an  angle  of  45°  or  flatter  l>\  the 
use  of  n  -aw  and  miter  box  bo  that  the  cuds 
ii.  l>r  spliced  together  will  be  pressed  to- 
gether when  the  mold  i-  dosed  The  beveled 
ends  and  the  sides  for  at  least  one-fourth  inch 
hack  from  the  ends  shall  be  buffed  thoroughly 
to  provide  clean,  rough  surfaces.  All  buffed 
surfaces  -hull  bo  given  two  thin  coats  of  rub- 
ber cement  and  each  coat  shall  be  permitted 
to  dr\   thoroughly      A  piece  of  gum  rubber 

CUt  to  the  siune  dimensions  us  the  heveled 
face  shall   then   he  applied   to  the  end  of  one 

Btrip  after  removing  the  cloth  backing  from 
the  gum  rubber.     The  adjoining  strip  shall 

then  be  placed  accurately  in  position,  and  all 

edges  shall  he  stitched  thoroughly  together 

wilh  a  BUitable  hand  stitcher.  The  mold  shall 
lie  heated  to  a  temperature  of  290°  F.  before 
the  splice  is  placed  in  the  mold.  The  pre- 
pared splice  shall  he  placed  in  the  mold  with 
the  splice  in  the  center  of  the  mold,  and  the 
mold  -hall  he  closed  tightly  to  prevent  slipping 
(hiring  the  vulcanizing  process.  The  splice 
shall  remain  in  the  mold  25  minutes  after  the 
mold  is  closed  completely,  during  which  time 
the  mold  shall  he  maintained  at  a  temperature 
of  290°  F. 

The  contractor  shall  furnish  all  materials 
for  molded  Bplices,  all  field  splicing  molds,  and 
electrical  energy  for  heating  the  molds. 

If  Held  splices  are  made  with  molded  rub- 
ber splicing  sleeves,   the  sleeve  material  shall 

conform   to  the  requirements  of  subsection 

(hi  above.  Where  rubber  sleeves  are  to  he 
used,  the  contractor  shall  suhniit  to  the  con- 
tracting authority  for  approval,  detail  draw- 
ings of  the  sleeves,  certified  materials  data, 
and  one  -ample  of  each  size  of  sleeve  he  pro- 
poses to  furnish.     Rubber  aleeves  -hall  not 


he  used  in  making  field  splicee  until  approved 
h\  the  contracting  authority.    Rubbei  sle< 

type    Held    BpliceS   -hall    he    made   III   aeroldaiice 

with  the  following  requirements,  and  the 
method  of  making  field  splices  with  rubbei 
sleeves  will  he  subject  t"  the  approval  and 
direction  of  the  contracting  authority.     The 

end-  of  Water-lop  tO   he  spliced  -hall  he  huffed 

smooth  of  an\  imperfections  before  insertion 

into  tin  sleeve.  The  inside  Burface  of  the 
sleeve  and  the  outside  surface  of  the  water- 

-lop    to    he    III    contact    after    -plle|liLr    -hall    he 

thoroughly  coated  with  held  Bplicing  cement. 
\ficr  the  waterstop  ha-  been  inserted  into 
the  sleeve  with  the  abutting  ends  of  the  water- 

-top   centered    ill    the   -IceVe.    the  -|ee\e  -hall   he 

pressed  tighth  against  the  waterstop  around 

the  entire  periphery  to  obtain  a  tight  fit  at 
all    points   and    -hall    he   held    in   BUcl)    po-ltlon 

h\  blocking  and  use  of  C-clamps  until  the 
cement  has  dried 

Bach      finished      -plice.     either     molded      or 

sleeve  spliced,  shall  withstand  a  bend  test  by 
bending  the  waterstop  180° around  a  2-inch- 

diameter  pin  without  showing  any  separation 

at   the  splice 

(fi  Measurement  and  Payment.     Measurement, 

for  payment,  of  rubber  water-top  will  he  made  of 
the  number  of  linear  feet  of  water-top  in  place, 
measured  along  the  centerline  of  the  water-top 
Payment  for  furnishing  and  placing  rubber  water- 
stop  will  he  made  at  the  unit  price  per  hneai'  foot 
hid  therefor  in  the  schedule,  which  unit  price  shall 
include  the  cost  of  furnishing  all  material,  making 
the  Bplices,   and    installing   the    water-top. 

G-73.   Elastic  Filler  Material  in  Concrete  Joints. 
(a)  General.     Elastic  filler  material  consisting  of 
Bponge  rubber  shall  be  furnished  and  placed  in  the 
concrete  joints  where  shown  on   the  drawn. _ 

Material*.  Sponge  rubber  shall  conform  to 
Federal  Specification  HH  F  341a,  for  type  I,  class 
A.  sponge  rubber.  Sponge  rubber  shall  be  stored 
in  as  cool  a  place  as  practicable,  preferably  at 

70°  F.  or  less,  and  in  no  case  shall  the  rubber  he 

stored  in  the  open,  exposed  to  the  direct  rays  of 

the  sun.      Copper   nails  shall   conform    to    Federal 
Specification   FF   N    105  for  common  copper  wire 

nail-. 

(c)  Installation.  Copper  nails  -hall  he  em- 
bedded ill  the  first-placed  concrete  in  such  a  manner 
that   the  nail   points  will   protrude  from  the  joint 
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surface  to  be  covered  with  the  elastic  tiller  material. 
The  elastic  filler  material  shall  be  cut  to  size  and 
shape  of  the  joint  surface  and  held  in  place  by  the 
protruding  copper  nails.  Joints  between  adjoin- 
ing portions  of  the  filler  material  shall  be  suffi- 
ciently tight  to  prevent  mortar  from  seeping 
through  such  joints.  Unless  otherwise  directed, 
the  edges  of  the  elastic  filler  material  shall  be 
placed  flush  with  the  finished  surface  of  the  con- 
crete or  to  the  bottom  edge  of  chamfers.  Surfaces 
of  concrete  to  be  in  contact  at  the  joint  shall  be 
painted  with  sealing  compound. 

(d)  Measurement  and  Payment  u. — Measure- 
ment, for  payment,  of  elastic  filler  material  will 
be  made  of  the  area  of  material  in  place.  Payment 
for  furnishing  and  placing  elastic  filler  material  in 
joints  will  be  made  at  the  unit  price  per  square  foot 
bid  therefor  in  the  schedule. 

(e)  Cost14.—  The  entire  cost  of  furnishing  and 
placing  elastic  filler  material  in  joints  shall  be  in- 
cluded in  the  unit  price  per  cubic  yard  bid  in  the 
schedule  for  concrete  in  which  the  elastic  filler  ma- 
terial is  placed. 

G-74.  Metal  Seals. — (a)  General. — Metal  seals 
of  corrosion-resistant  metal  shall  be  placed  in 
joints  in  the  structures  where  shown  on  the  draw- 
ings, and  elsewhere  as  directed.  The  contractor 
shall  furnish  all  materials  for  metal  seals,  including 
metal  seals,  materials  for  welding  or  brazing  metal 
seals,  and  washers  and  nails  for  fastening  the  seals 
to  the  forms.  Details  of  the  shape  and  of  the 
placing  of  the  seals  are  shown  on  the  drawings. 
The  seals  shall  be  jointed  carefully  together  by 
welding  or  brazing  so  as  to  form  continuous  water- 
tight diaphragms  in  the  joints.  Adequate  pro- 
visions shall  be  made  to  support  and  protect  the 
seals  during  the  progress  of  the  work.  The  con- 
tractor shall  replace  or  repair  any  metal  seals 
punctured  or  damaged  before  final  acceptance  of 
the  work. 

(b)  Materials. — Materials  for  metal  seals  shall 
conform  to  the  following  specifications  unless 
otherwise  approved  in  writing  by  the  contracting 
authority: 

(1)  Metal  seals. — Metal  seals  shall  be  made 
from  one  of  the  following  materials: 

Copper. — Federal  Specification  QQ-C- 
502a,  24  ounces  per  square  foot,  0.032  inch 
thick,  soft  temper. 


"  Subs,  (d)  and  (e)  are  alternates. 
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Corrosion-resisting  steel. — Federal  Specifi- 
cation QQ-S-766a,  class  6,  18  percent  Cr,  8 
percent  Ni  (0.10  percent  C  maximum).  (Ti 
or  Cb  stabilized),  condition  A  (annealed), 
hot-  or  cold-rolled  finish,  Xo.  20  gage,  United 
States  Standard  (0.0375  inch  thick). 

(2)  Nails.— Federal  Specification  FF-S-606. 

(3)  Miscellaneous  materials. — Miscellaneous  ma- 
terials not  covered  herein  by  detailed  specifications 
shall  be  of  standard  commercial  quality,  of  a  type 
and  composition  approved  by  the  contracting 
authority. 

(c)  Measurement  and  Payment. — Measurement, 
for  payment,  of  furnishing  and  placing  metal  seals 
will  be  made  of  the  linear  feet  of  seals  in  place, 
and  no  allowance  will  be  made  for  lap  at  joints. 
Payment  for  furnishing  and  placing  metal  seals 
will  be  made  at  the  unit  price  per  linear  foot  bid 
therefore  in  the  schedule,  which  unit  price  shall 
include  the  cost  of  furnishing,  storing,  handling, 
forming,  welding,  or  brazing,  and  placing  the 
metal  seals;  furnishing  all  welding  or  brazing  rods, 
washers,  and  nails;  and  maintaining  the  metal 
seals  free  from  damage,  as  described  in  this  sec- 
tion. 

G-75.  Metal  Waterstops.— (a)  General— Metal 
waterstops  shall  be  provided  at  all  transverse 
construction  joints  in  the  tunnel  lining.  The 
metal  waterstops  shall  consist  of  plates  of  %6- 
by  8-inch  wrought  iron  bent  and  welded  to  the 
size  and  shape  of  the  structure  at  the  joint  and 
coated  with  plastic  compound.  The  metal  plates, 
welding  rods,  and  plastic  compound  shall  be 
furnished  by  the  contractor. 

(b)  Placing. — The  waterstops  shall  be  located 
in  the  concrete  of  the  structures  as  shown  on  the 
drawings.  The  contractor  shall  cut,  shape,  and 
weld  the  plates  and  place  them  in  the  construction 
joints  as  herein  provided.  The  exposed  half  of 
the  metal  waterstops  shall  be  coated  complete^ 
to  a  thickness  of  approximately  one-sixteenth 
inch  with  plastic  compound  applied  cold.  Ade- 
quate provisions  shall  be  made  to  support  and 
protect  the  metal  stops  during  the  progress  of  the 
work.  The  contractor  shall  replace  or  repair  any 
waterstops  which  are  damaged  before  final  ac- 
ceptance of  the  work. 

(c)  Materials. — 

(1)  Wrought-iron  plates. — The  wrought-iron 
plates  shall  conform  to  ASTM  Designation 
A  42-55. 
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2  Pltutic  compound.  The  plastic  com- 
pound shall  consist  of  asphalt  dispersed  in 
water  h\  mesna  of  ■  miners]  emulsifying 
sgent,  The  compound  shall  be  heavy-bodied, 
of  smooth  plastic  consistency,  and  free  from 
lumps  and  sediment.  When  applied  at  room 
temperature  in  one  coat  to  i  smooth  metal 
surface  st  a  thickness  of  one-sixteenth  inch 
ami  the  specimen  ii  then  immediately  placed 

in  a  vertical  position,  the  compound  shall  be 
tighth  adherent  and  shall  not  run  or  sag 
while   the  coating  is  drying  and   after   it    has 

dried     The  asphalt    component   shall   com- 
prise at  least  50  percent,  by  weight,  «>f  the 
compound,    shall    have    a    softening    point 
ASTM  Designation  D  36  26)  of  100°  F.  to 

130°    F..    a    penetration    at    77°    F.    (ASTM 

Designation    I)    .">  52)    of   00    to    120,    and    a 

ductility    at    77"    F      ASTM    Designation 

D    113   Hi   of  not    less  than    100  centimeters 
The  ash   content   shall   he  not    more   than    18 
percent,   as  del eriniiied    b\    ASTM    Designa- 
tion I)  128-57. 

(3)   Welding  rods. — Welding  rods  shall  be  of 

a    type    and    composition    approved    by    the 

contracting  authority. 

(d)  Payment.-  Payment     for    furnishing    and 

placing    metal    waterstops    will    be    made    at    the 

unit    price    per    linear    foot    bid    therefor    in    the 

Schedule,   which   unit    price  shall  include  the  cost 

of    cutting,    welding,    placing,    and    coating    the 

metal  waterstops. 

G-76.  Drilling  Holes  for  Anchor  Ban  and  Grouting 
Ban  in  Place.  Where  shown  on  the  drawings  or 
directed,   holes  shall    be  drilled   into   the  rock   to 

receive  bars  for  anchoring  concrete  in 

The  contracting  authority  will  fur- 
nish *( anchor  bars)  and  *(cement  for  grout).  The 
contractor  Bhall  furnish  '(anchor  bars)  and  *(sand 
and  water)  *(all  materials  for  grout).  The  di- 
mensions of  the  anchor  bars  and  the  locations, 
diameters,  and  depths  of  the  anchor-bar  holes 
shall  be  as  shown  on  the  drawings  or  as  directed. 
The  diameter  of  each  anchor-bar  hole  shall  not  be 
less  than  one  and  one-half  times  the  diameter  or 
greatest  transverse  dimension  of  the  anchor  bar 
specified  for  that  hole. 

Anchor  bars  shall  be  (leaned  thoroughly  before 
being  placed.  The  holes  shall  be  cleaned  thor- 
oughly and    shall    be  completely    and    compactly 


filled  with  grout  mixed  m  the  proportions  and 
to  the  oonsistenc]  prescribed  bj  the  con- 
tracting authority      The  anchor   bar-   -hall    he 

forced  into  place  before  the  grOUt  takes  its  initial 
-el    and,    where    practicable,    shall    he    \ ibratcd    oi 

rapped  until  the  entire  surface  of  the  embedded 
portions  of  the  ban  ii  in  intimate  contact  with  the 

grout.      Special     care     shall     be     taken     to     insure 

against   an\    movement   of  the  bars  winch  have 

been  placed 

Measurement,  for  payment,  of  drilling  holes  for 

anchor  bars  and  grouting  bars  m  place  will  be 
based  upon  the  length  of  holes  required  to  be 
drilled  beyond  the  surface  of  the  excavation  or 
rock  surface.  Payment  for  drilling  holes  for 
anchor  bars  and  grouting  bars  in  place  will  be 
made  at  the  unit  price  per  linear  foot  hid  therefor 
in  the  schedule,  which  unit  price  shall  include  the 
cost  of  furnishing  materials  for  gTOUt,  drilling  the 
holes,  and  grouting  the  bars  in  place  Payment 
for  furnishing  and  placing  the  anchor  bars  will 
he  made  at  the  unit  price  per  pound  bid  therefor 
in  the  schedule.  *(  Payment  for  furnishing  and 
handling  cement  will  be  made  at  the  unit  price 
per  barrel  bid  therefor  in  the  schedule 

G-77.  Drainage,  General.  —  All  drains  shall  be 
constructed  at  the  local  ions  shown  on  the  drawings 
or  as  directed.  Care  shall  be  taken  to  avoid 
clogging  the  drains  during  the  progress  of  the 
work,  and  should  any  drain  become  clogged  or 
obstructed  from  any  cause  before  final  acceptance 
of  the  work,  it  shall  be  cleaned  out  in  a  manner 
approved  by  the  contracting  authority  or  replaced 

by  and  at  the  expense  of  the  contractor.     No  pipe 

which  has  been  damaged  shall  be  used  m  the  work 
if,  in  the  opinion  of  the  contracting  authority, 
the  pipe  is  unfit  for  use. 

G~78.  Constructing  Sewer-Pipe  Drains  With  Open 
Joints.  (a)  (hiurul.  ( 'oncrele  or  clay  sew  er-pipe 
drains  with  open  joints  shall  be  placed  m  a  bedding 
of  pervious  material  which  i<  described  specifically 
under  subsections  (b)  and  (c)  below  All  sewei 
pipe,  burlap,  and  material  for  bedding  shall  be 
furnished  by  the  contractor.  Burlap  shall  be 
40  inches  in  width,  10  ounces  per  linear  yard,  in 
accordance  with  Federal  Specification  ('('('   B-Sl  1 . 

The  pipe  shall  be  plain  (nonperforated  i  concrete 

sewer  pipe,  type  l.  oonreinforced,  bell-and-spigot 

pattern,  in  accordance  with  Federal  Specification 
--s    1'  .'{71a;    or    plain    cla\    sewer    pipe,    standard 
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strength,  bell-and-spigot  type,  in  accordance  with 
Federal  Specification  SS-P-361b,  or  perforated 
concrete  sewer  pipe,  type  1,  nonreinforced,  bell- 
and-spigot  pattern,  manufactured  in  accordance 
with  Federal  Specification  SS-P-371a,  except 
that  the  pipe  shall  be  perforated  in  accordance 
with  the  provisions  for  perforating  clay  pipe  as 
set  forth  in  ASTM  Designation  C  211-50;  or 
perforated  clay  sewer  pipe,  standard  strength, 
bell-and-spigot  type,  in  accordance  with  ASTM 
Designation  C  211-50;  all  as  hereinafter  specified. 
Cement  used  in  concrete  sewer  pipe  shall  conform 
to  cement  required  for  structures  as  provided  in 
section  G-46  (Cement).  Strainers  and  stoppers 
at  top  of  drains  shall  be  standard  concrete  or 
clay  to  fit  pipe  used. 

(b)  Embankment  Toe  Drains. — Plain  sewer-pipe 

drains and inches  in  diameter  shall 

be  constructed  with  open  joints  under  the  down- 
stream toe  of  the  dam  embankment  and  in  exten- 
sions beyond  the  toe  of  the  dam  embankment 
and  elsewhere,  if  required,  as  shown  on  the  draw- 
ings or  as  directed.  The  drains  shall  be  constructed 
in  trenches  to  the  prescribed  lines,  grades,  and 
dimensions. 

The  bedding  material  adjacent  to  the  pipe  shall 
consist  of  natural  gravel  or  crushed  rock,  or  a 
mixture  of  natural  gravel  and  crushed  rock,  clean 
and  well  graded  from  %6  inch  to  \%  inches  in 
size,  as  approved  by  the  contracting  authority, 
and  may  contain  up  to  10  percent  of  total  of 
particles  smaller  than  %6-inch  size.  The  bedding 
material  *(may,  shall)  be  obtained  from  approved 
sources  of  coarse  aggregate  for  concrete,  *(or 
may  be  produced  by  screening  the  desired  sizes 
from  selected  material  from  required  excavations 

for or  from  borrow  pits  in 

borrow  area ).     The  sand  bedding  to  be 

placed  in  the  bottom  of  the  trench  shall  meet 
the  requirements  of  sand  for  concrete.  The 
remainder  of  the  bedding  shall  consist  of  uncom- 
pacted  pervious  material.  The  pipe  shall  be  laid 
carefully  on  the  bedding  with  the  bell  end  upgrade 
with  joint  openings  not  less  than  one-fourth  inch 
nor  more  than  three-eighths  inch  and  with  spigot 
end  concentrically  in  the  bell.  *  (Perforated  pipe 
shall  be  laid  with  perforations  in  lower  half  of 
pipe.)      The  pipe  shall  then  be  covered  with  a 

minimum  of inches  of  bedding  material 

as  shown  on  the  drawings.    The  bedding  shall  be 


carefully  placed  and  tamped  about  the  pipe  so 
as  not  to  disturb  the  pipe  and  to  hold  it  securely 
in  position  while  the  material  overlying  the 
bedding  is  being  placed. 

Measurement,  for  payment,  of  furnishing  sewer 
pipe  and  constructing  embankment  toe  drains 
with  open  joints  will  be  made  along  the  centerlines 
of  the  pipe,  from  end  to  end  of  the  pipe  in  place, 
and  no  allowance  will  be  made  for  lap  at  joints  or 
intersections.  Payment  for  furnishing  sewer  pipe 
and  constructing  embankment  toe  drains  with 
open  joints  will  be  made  at  the  unit  prices  per 
linear  foot  bid  therefor  in  the  schedule,  which 
unit  prices  shall  include  the  cost  of  furnishing 
materials  for  and  preparing  and  placing  the  bed- 
ding about  the  pipe.  Measurement,  for  payment, 
of  excavation  for  trenches  for  embankment  toe 
drains  will  be  made  only  to  the  neat  lines  shown 
on  the  drawings  or  directed,  and  payment  for 
excavation  of  the  trenches  will  be  made  at  the 
unit  price  per  cubic  yard  bid  in  the  schedule  for 
excavation  for  dam  embankment  foundation. 

(c)   Drains  for   Spillway  and   Outlet    Works. — 

Perforated  sewer-pipe  drains , ,  and 

inches  in  diameter  shall  be   constructed 

behind  the  walls  and  under  the  floor  of  the  outlet 

works  stilling  basin,  and  drains , , 

,  and inches  in  diameter  shall  be 

constructed  behind  the  walls  and  under  the  floors 
of  the  spillway  chute  and  stilling  basin,  as  shown 
on  the  drawings  or  as  directed. 

The  bedding  material  shall  consist  of  natural 
gravel  or  crushed  rock,  or  a  mixture  of  natural  gravel 
and  crushed  rock,  clean  and  well  graded  from  %6 
inch  to  VA  inches  in  size,  as  approved  by  the 
contracting  authority,  and  *(may,  shall)  be  ob- 
tained from  approved  sources  of  coarse  aggregate 
for  concrete,  *(or  may  be  produced  by  screening 
the    desired    sizes    from    selected    material    from 

required   excavations   for    

or  from  borrow  pits  in  borrow  area ).    The 

bedding  shall  be  placed  under  the  pipe  to  minimum 
depths  as  shown  on  the  drawings.  The  pipe  shall 
be  laid  carefully  on  the  *(bedding),  *(lean  concrete 
pad).  The  bell  end  of  the  pipe  shall  be  laid  up- 
grade with  joint  openings  not  less  than  one-fourth 
inch  nor  more  than  three-eighths  inch  and  spigot 
end  concentrically  in  the  bell.  *(The  pipe  shall 
be  placed  immediately  after  placement  of  the  lean 
concrete  in  the  pad  and  worked  into  the  fresh  lean 
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concrete  u>  insure  continuous  support  under  the 
total  length  of  the  pipe.)  Bedding  material  shall 
then  be  placed  to  provide  ■  minimum  thickness 
of  inches  over  the  top  and  at  the  sides  of 

the  pipe  The  bedding  slmll  be  carefuuy  placed 
ami  tamped  about  the  pipe  so  as  nol  to  disturb 
the  pipe  after  being  laid  and  to  hold  it  Becurel^ 
in  position  while  the  overlying  material  is  being 
placed.  Where  concrete  is  t<>  be  placed  over  or 
against  the  bedding  of  the  drains,  the  bedding 
shall  !)«•  covered  with  a  layer  of  heav)  burlap 
before  i  he  concrete  is  placed. 

Measurement,  for  payment,  of  furnishing  per- 
forated Bewer  pipe  and  constructing  drains  with 
open  joints  will  be  made  along  the  centerlines  of 
ttie  pipe,  from  end  to  end  of  tlie  pipe  in  place  and 
DO  allowance  will  lie  made  for  lit p  at  joints.  Pay- 
ment    for    furnishing    perforated    sewer    pipe    and 

constructing  drains  with  open  joints  will  be  made 
at  the  unit  prices  per  linear  foot  bid  therefor 
in    the   schedule,    which    unit    prices   shall    include 

(he  cost  of  furnishing  and  placing  the  burlap 
covering  for  the  drains  and  the  cost  of  furnishing 
materials    for    and    preparing    and    placing    the 

bedding  about    the  pipe.     The  unit    prices  hid   for 

furnishing  perforated  sewer  pipe  and  constructing 

drains  with  open  joints  shall  also  include  the  OOSt 
of  furnishing  materials  for  and  constructing  lean 
concrete    pads,    except    that    payment    for    the 

cement  will  he  made  at  the  unit  price  per  barrel 
bid  in  the  schedule  for  furnishing  and  handling 
Cement.  Measurement,  for  payment,  of  excava- 
tion for  the  pipe  drains,  including  excavation  for 
bedding  material  and  lean  concrete  pads,  will  be 
made  only  to  the  neat  lines  as  shown  on  the  draw- 
ings or  directed,  and  payment  for  such  excavation 
will  he  made  at  the  unit  price  per  cubic  yard  bid 
in  the  schedule  for  the  excavation  for  the  struc- 
ture for  which  the  pipe  drains  are  constructed. 

G-79.    Laying   Sewer   Pipe  With   Calked  Joints. 

Concrete   or   ela\    Bewer    pipe    for   drains    , 

,    .    and    inches   in   diameter 

shall  be  laid  with  joints  calked  with  oakum  in  the 
locations  shown  on  the  drawings,  or  as  directed. 
The  pipe  shall  be  clay  sewer  pipe,  standard 
strength,  bell-and-spigot  type,  in  accordance  with 
Federal  Specification  SS  P  361a;  or  concrete 
Bewer  pipe,  type  I.  nonreinforced  bell-and-epigol 
pattern,  in  accordance  with  Federal  Specification 
SS  I'  371. 

The  pipe  shall  he  laid  carefully  to  the  prescribed 


line-   and    grades       The   end-  of   the    pipe   -hall    lit 

closely,  the  Bpigol  ends  -hall  be  placed  concentri- 

call\  in  the  bell-,  and  the  joint-  -hall  be  packed 
with  oakum  and  thoroughly  calked  with  -uitahle 
calking  tools 

Pipe  to  be  embedded  in  concrete  -hall  be  pla 
accurately  in  position,  calked  and  held  securely  in 
place  during  the  placing  and   hardening  of  the 
surrounding  concrete 

The  cost  <»f  furnishing  all  materials  and  em- 
bedding Bewer  pipe  with  calked  joints  in  c irete 

-hall  he  included  in  the  unit  price  per  cubic  yard 
hid   in   the  schedule  for  the  concrete  111   which   the 

-ewer  pipe  i-  embedded. 

Pipe  not  to  he  embedded  in  concrete  -hall  be 
laid.  Bufficient  Buitable  material  -hall  he  tamped 

under  and  about  the  pipe  to  hold  it  (irmly  in  place, 
and  after  the  joints  are  calked,  additional  suitable 
material  shall  be  placed  and  thoroughly  tamped 
about    (he    pipe,    care    being    taken    not    to   disturb 

the  pipe 
Measurement,    for   payment,   of   laying  sewer 

pipe  with  calked  joints  will  be  made  from  end  to 
end  of  the  pipe  in  place,  and  no  allowance  will  he 
made  for  In p  at  joint-.  Payment  for  furnishing 
and  laying  -ewer  pipe  with  calked  joints  will  be 
made  at  the  unit  prices  per  linear  foot  hid  therefor 
in  the  schedule,  which  unit  prices  shall  include  the 
cost  of  preparing  an  even  bedding  for  the  pipe, 
furnishing  and  tamping  -uitahle  material  under 
and  about  the  pipe,  furnishing  oakum  and  calking 
the  joint<.  and  backfilling  trenches  with  selected 
material.  Measurement,  for  payment,  of  excava- 
tion for  trenches  for  pipe  drains  will  be  made  only 
to  the  neat  line-  as  shown  on  the  drawings  or 
directed,  and  payment  for  excavation  of  the 
trenches  will  be  made  at  the  unit  price  per  cubic 
yard  bid  in  the  schedule  for  excavation  for  the 
structures  for  which  tin-  pipe  drains  are  con- 
structed. 

G-80.  Drilling  Drainage  Holes.  Drainage  holes 
shall  be  drilled  through  the  concrete  lining  of  the 
*(spillway)  and  "outlet  works)  tunnel (s) through 
the  steel-liner  plates  or  Bteel  lagging,  if  encoun- 
tered, and  into  the  surrounding  rock  formation  as 
-how  n  on  the  drawings  <>r  a-  directed.  The 
contractor  will  be  permitted  to  furnish  and  install 
pipe  inserts  to  form  the  holes  in  the  concrete 
lining.  The  drainage  holes  -hall  be  drilled  at  the 
angles  of  inclination  shown  on  the  drawings  or 
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as  directed.     All  drainage  holes  shall  be  drilled  to 

a  minimum  depth  of feet  but  not  deeper 

than feet  as  directed,  from  the  inside  of  the 

concrete  lining  with  approved  core  drills,  and 
the  holes  shall  be  not  less  than  1%  inches  in 
diameter.  Drainage  holes  shall  not  be  drilled 
until  all  adjacent  grout  holes  within  a  minimum 
distance  of  150  feet  have  been  drilled  and  grouted. 

If,  after  a  given  area  has  been  grouted  and 
drilled  for  drainage,  it  is  found  desirable  to  drill 
and  grout  additional  grout  holes,  the  contractor, 
after  completion  of  grouting,  shall  open  previously 
drilled  drain  holes  to  their  original  diameter  and 
depth  to  provide  satisfactory  drainage.  Opening 
of  previously  drilled  drain  holes  by  redlining,  if 
required,  will  be  ordered  in  writing  by  the  con- 
tracting authority,  and  payment  therefor  will  be 
made  at  one-half  the  unit  price  per  linear  foot  bid 
in  the  schedule  for  drilling  drainage  holes. 

Measurement,  for  payment,  of  drilling  drainage 
holes  will  be  made  of  the  depth  of  holes  from  the 
inside  face  of  the  concrete  lining,  including  por- 
tions of  holes  formed  by  pipe  inserts,  if  used. 
Payment  for  drilling  drainage  holes  will  be  made 
at  the  unit  price  per  linear  foot  bid  therefor  in 
the  schedule,  which  unit  price  shall  include  the 
entire  cost  of  furnishing  all  materials  and  labor  to 
complete  the  work  as  described  in  this  section. 

G-81.  Cast-iron  Pipe  Drains. — A -inch  cast- 
iron  soil  pipe  drain  shall  be  installed  under  and 
through  the  spillway  floor  to  drain  the  spillway 

upstream  from  spillway  station as 

shown  on  the  drawings.  The  cast-iron  soil  pipe, 
fittings,  and  joint  material  shall  be  furnished  and 
installed  by  the  contractor  as  shown  on  the  draw- 
ings or  as  directed  by  the  contracting  authority. 
The  spigot  ends  of  cast-iron  soil  pipe  and  fittings 
shall  be  placed  concentrically  in  the  bells,  and  all 
joints  shall  be  packed  with  tarred  jute  or  similar 
material  thoroughly  calked  with  suitable  calking 
tools  so  as  to  leave  2  inches  in  the  bell  for  lead. 
Joints  shall  be  poured  full  of  molten  lead  in  one 
operation.  The  lead  shall  be  retained  in  the 
joints  by  suitable  joint  runners,  and  after  the 
lead  has  cooled  sufficiently,  it  shall  be  calked 
tightly.  Pipe  to  be  embedded  in  concrete  shall 
be  held  firmly  in  position  while  the  concrete  is 
being  placed.  Materials  shall  conform  to  the 
following  specifications: 

(1)  Cast-iron  soil  pipe  and   fittings,   bell- 
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and-spigot  pattern,  class  B,  Federal  Specifica- 
tion WW-P-401. 

(2)  Jute  calking  type  II  (tarred),  Federal 
Specification  HH-P-117. 

(3)  Calking  lead,  type  I,  Federal  Specifica- 
tion QQ-L-156. 

Measurement,  for  payment,  for  furnishing  and 

installing -inch-diameter  cast-iron    soil    pipe 

spillway  drain  will  be  made  from  end  to  end  of 
the  pipe  in  place,  and  no  allowance  will  be  made 
for  lap   at  joints.     Payment   for  furnishing  and 

installing    -inch-diameter   cast-iron   soil   pipe 

spillway  drain  will  be  made  at  the  unit  price  per 
linear  foot  bid  therefor  in  the  schedule. 

G-82.  Dry-Rock  Paving  for  Open  Drains. — Dry- 
rock  paving  shall  be  placed  on  a  bedding  of  sand 
and  gravel  or  crushed  rock  as  lining  for  open 
drains  as  shown  on  the  drawings.  The  quality  of 
the  bedding  material  and  rock  used  for  dry -rock 
paving  shall  be  equivalent  to  materials  for  bedding 
for  riprap  and  riprap.  The  overall  thickness  of 
the  finished  bedding  and  paving  at  any  point  shall 
be  not  less  than  15  inches.  The  dimensions  of 
the  paving  stones  normal  to  the  face  of  the  paving, 
for  not  less  than  two-thirds  of  the  surface  area  of 
the  paving,  shall  be  not  less  than  12  inches,  and 
the  dimensions  normal  to  the  face  of  the  paving 
of  any  stone  forming  the  surface  of  the  paving 
shall  be  not  less  than  8  inches.  The  paving 
stones  shall  have  an  average  volume  of  not  less 
than  one-sixth  cubic  foot,  and  not  more  than  25 
percent  of  the  pieces  shall  be  less  than  one-ninth 
cubic  foot  in  volume.  Stones  of  the  same  dimen- 
sions normal  to  the  face  of  the  paving  shall  be 
distributed  uniformly  throughout  the  paving. 
Rock  materials  may  be  selected  from  materials 
for  bedding  for  riprap  and  riprap  furnished  by  the 
contractor.  The  stones  shall  have  roughly  squared 
and  reasonably  flat  upper  faces;  the  stones  shall 
be  hand-placed,  with  close  joints,  to  the  established 
lines  and  grades;  and  the  spaces  between  the 
stones  shall  be  filled  with  spalls  and  gravel  or 
crushed  rock. 

Measurement,  for  payment,  of  bedding  and 
dry-rock  paving  will  be  made  on  the  basis  of  the 
15-inch  thickness  and  on  the  basis  of  the  area  of 
finished  surface  of  rock  paving  in  place  to  the 
lines  shown  on  the  drawings  or  established  by  the 
contracting  authority.  Payment  for  dry-rock 
paving  for  open  drains  will  be  made  at  the  unit 
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price  i"1!  square  yard  l>i<l  therefor  in  the  schedule, 

which  unit  puce  shall  include  the  COSl  of  procur- 
ing, handling,  hauling,  and  placing  bedding  and 
I >*i  \  i  r  i *_r  materials      Paymenl    for   excavation    for 


open  drains  t<»  tin-  line-  and  grades  established 
by  the  contracting  authority,  will  he  made  al  the 
applicable  unit  price  pel  cubic  yard  bid  in  the 
schedule  for  excavation  f<»i  the  structure  involved 
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Chute  spillways,  262  264 
hydraulic  design  of  discharge  channels  for,  288  291 

Clark,   H.   A  ,   19 

Classification  of  types  of  dams 
according  to  use,  <>•{ 
by  hydraulic  design,  63  <>  1 
by  material-  of  construction,  <>l  67 

Cla\  -oil 

defined,    181 

engineering  properties  of,  94  95 

identification  of,  95 

part icle  size  of,  '.to 
Clearing  of  damsite,  537 
Climatological  data,  availability  of,  6 

Coefficient  of  abutment  contraction,  271. 
Coefficient  of  curvature,  '.in 

Coefficient  «>f  discharge 

etTect    of  depth  of  approach   on. 

broad-crested  weir,  275 
circular  crest,  :t  I  i 
conduit  entrance- 
culvert  spillways,  331 
for  Mow  under  gates,  283,  284 

for  head-  differing  from  de-inn  lead 

for  partial  head-  on  crest,  —  7  "■ 

for  tube  Mow,  .1(12  363 

ogee  crest  with  sloping  face,  27.">,  277 
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Coefficient  of  discharge — Continued 
ogee  crest  with  vertical  face,  275-276 
reduction  of,  due  to  downstream  apron  interference.  275, 

277 
reduction  of,  due  to  submergence,  275,  277 
sharp-crested  weir,  275 
siphon  spillways,  335 
submerged  orifice,  362-363 
Coefficient  of  pier  contraction,  271 
Coefficient    of    roughness    (see    Manning's    coefficient    of 

roughness) 
Coefficient  of  uniformity,  90,  96,  482 
Cofferdams,  396-397,  399,  400,  403-406,  581 
Cold  Springs  Dam,  205,  206 
Compaction  of  embankments 
backfill,  559-560 
cohesionless  soils  (pervious) 

application  of  water  essential,  512 

compacting  by  treads  of  crawler-type  tractors,  512 

compaction  of,  500,  512,  557 

defined,  483 

effect  on  properties  due  to  compaction  of,  500 

method  for  compaction  of,  500 

necessity  for  construction  control,  511-513 

placing  on  the  fill,  512,  557 

relative  density  tests  of,  513 
cohesive  soils 

compaction  of  cannot  be  judged  visually,  502-503 

defined,  483 

development  of  compaction  of,  497-498 

development  of  moisture  control  for  compaction  of, 
497-498 

effect  on  properties  due  to  compaction  of,  499-500 

factors  affecting  construction  of,  502 

field  density  tests  in,  147-150,  504-505 

hand  tamping  of,  501 

moisture  content  of,  503,  555 

placing  of  on  the  fill,  503,  555 

plan  of  control  for  compaction  of,  502 

power  tamping  of,  501,  504,  505,  556-557 

removal  of  oversize  rock  from  503-504,  555 

rolling  of,  498,  499,  555-556 

thickness  of  layers,  503 
criteria  for  control,  514-516 
defined,  483 

earthfill  (see  Compaction  of  embankments,  cohesive  soils) 
first  layer  on  foundations,  501 
inspection  of  (see  Inspection  during  construction) 
methods  of 

hand  tamping,  501 

power  tamping,  501,  504,  505,  556-557 

rollers,  498,  499,  555-556 

routing  of  hauling  and  placing  equipment,  513 

treads  of  crawler-type  tractors,  512,  557 
miscellaneous  fills,  513,  557-558 
objective  of  control  of,  499 

pervious  fill  (see  Compaction  of  embankments,  cohesion- 
less  soils) 
reports  on,  513-514 
rockfill,  513 

sluicing  of,  513 
stabilizing  fills,  513,  557-558 
standard  for,  499,  502,  505-507 
statistical  analysis  of  quality  of,  514 
toe  support  fills,  513,  522,  557-558 
Compressibility  of  soil,  98,  483 

as  it  affects  pore-water  pressure,  500 
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Concentration  time  for  flood  runoff 

defined,  42-43 

estimating,  42-43,  46-47,  52 
Concrete 

aggregates  for  (see  Concrete  aggregates) 

cement  for  (see  Cement) 

composition  of,  517.  567 

construction  joints  in,  587,  590-591 

contraction  joints  in  (see  Contraction  joints 

curing  of  (see  Concrete  curing) 

finishes  and  finishing  of,  577-579 

mixes  and  mixing  of  (see  Concrete  manufacture  and  Con- 
crete mixes) 

placing  of  (see  Concrete  placing) 

pozzolans  for,  522 

properties  of,  517-523  (see  also  Properties  of  concrete) 

protection  of,  568,  580 

repair  of,  579 

specifications  for  qualitv  control  of  large  quantities  of, 
566,  568-581 

specifications  for  ready-mixed,  566 

specifications  for  small  quantities  of,  566-568 

strength  of  (see  Strength  of  concrete) 

tolerances  for  construction  with,  574-576 
Concrete  aggregates 

chemical  soundness,  522-523 

contamination  of,  522 

estimate  of  requirement  for  concrete  mixes,  527-528 

gradation  in  relation  to  workability,  523 

grading  chart,  523-524 

investigations  of  sources  of,  76-77,  130 

laboratory  tests  on,  152-154 

maximum  size  of,  527,  568 

physical  soundness,  154,  522 

production  of,  531-532 

coarse  aggregate,  531-532,  571 

correction  of  defects  in  sand  gradation,  531 

methods  of  stockpiling,  532 

quality  and  gradation,  522-523,  570-571 

sampling  of  sources  of,  130-131 

specific  gravity  of  in  relation  to  quality,  523 

specifications  for,  567,  570—571 
Concrete  curing,  536,  568,  580-581 

(see   also    Sealing    compound    for    curing    concrete    and 
Water,  curing  of  concrete) 
Concrete  gravity  dams 

advantages  of,  66 

contraction  joints  in,  243-244  (see  also  Contraction 
joints) 

crest  width  of,  244 

defined,  231 

design  data  required  for,  8-9 

design  of  concrete  for  (see  Concrete) 

design  procedures  for,  231,  233,  243-245 

diversion  during  construction  (see  Diversion  during 
construction) 

forces  acting  on,  233,  244-245  (see  also  Water  pressure, 
Uplift  pressure,  Silt  pressure,  Ice  pressure,  Earth- 
quake loads,  Weight  of  concrete  dam,  and  Reaction 
of  foundation  of  concrete  dam) 

foundation  design  (see  Foundations  for  concrete  dams) 

freeboard  for,  244 

inspection  of,  410-411 

normal  loading  conditions  on,  233,  234 

operation  of  (see  Operation  of  dams) 

origin  of,  231 

report  on  design  of,  15-17 
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Concrete  gravity  dams     Continued 
slopes  of,  -  t  • 
"small"  defined,  23 1 
ibilit)    of,    239  240 

gravity    dam- 

( loncrete    manufacture 
Concrete  curing] 
adjust menl  of  trial  mix,  55 
aggregate  production    ••<  Concrete  aggref 

h  weights  f»r  Held  use 
batching  methods,  632,  M7,  57  I 
composil  ion,  5 1 7 

specificat  ion*  for,  ."i i i 7 
design  of  mixes 
estimate  of  aggregate  requirement,  ">27 
est  imate  of  cement  requirement 
estimate    of    entrained    air    requirement, 

estimate  of  water  requirement 
examples  <>f  computations  for  trial  mixes 

fOl  -mall  job-.  530  53 1 
selection  of  mis  proportion*,  ,">2."> 

fleld  control  of,  525,  532  533 

mixers  for,  532,  587,  ~<~~  573 

mixing  of,  567,  ■>'!  ~>73 

quality  control  of,  ">2.">,  532 
Concrete  mixes 

for  other  than  small  jobs    -<•  Concrete  manufacture) 

for  small  jobs,  530  531 
( loncrete  pa>  inn 

design  Of  concrete  for   (s,i    Coin •:• 

for  membrane  for  rockfill  dams,  22,">.  227.  239 

for  upstream  -lope  protection  of  earth  fill  dams,  20  1—206, 

jus -210 
placing  of,  535,  536,  568 
( loncrete  placing 
eonsolidat  ion  durum,  577 
finishes,  577—579 
form-  for,  567   568,  573  57  l 
in  forms,  .">:{."> 

in  tops  of  walls,  piers,  columns,  535 
in  unformed  slabs  00  -lopes.  535 

preliminary  preparations  for.  533,  567—568,  576 
specifications  for.  568,  576  ">77 
temperature  of  concrete  for,  573 
to  avoid  segregation  during  6-677 

tolerance-  for.  7)7  1-  "i7ii 
transporting,  533—534,  ">t>K,  57t'>-577 

Concrete  plug 

in  auxiliary  diver-ion  conduit,  399 
in  diversion  tunnels,  398—399 
Conduit-  [set  also  Culvert  spillway-  and  Siphon  spillways) 
eut-and-cover  conduit-.  381-385 
CUtoff  collars  for,  381-383 
design  loads  on,  383-385 
design  of  east-in-plaoe  concrete,  I7.">-I77 
de-inn  of  precast  concrete,  169    175 
joints  in,  383 
for  diversion  during  construction,  396,  399,  103 
for  outlet  works.  358,  378-380 
for  Bpillways,  264 
transitions  in,  369-370 
Conjugate  depths  in  hydraulic  jump  flow,  292—297 
Conrad,  J.  S  .  231 
Consolidation  of  concrete,  577 

■lidation    of    drv    fine-grained    foundation-.     188 
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criteria  >  nbank nt  -    ">i  i 

how  obtained,  197 

Inspection  foi  n  during  construe 

laboratoi 

'.  II    51  2 

objective  of 
reports  on,  513  ",i  i 

-oil  methane 

statistical  sns  ">i  i 

Construction     mat.  rial-    for    dam 

construction  matei iab  for  .i 
Construction  of  embankment  -,trol 

analysis  of  quallt >  of,  5 1  i 
compaction  fc  mbankmi 

control  durinf  istruction  coi 

criteria  for  control  of  compaction,  51  t   ".it. 
earthflll    (s«    Compaction    of    embankments,    coin 

soil 
inspection  during  (se<  Inspection  during  construction) 
miscellaneous  fills 
pervious    fill    (set    Compaction    of   embankments 

he-lolil. 

placing  first  layei  of  earthflll  on  foundations,  501 
preparation  of  foundations  for.  "iuii  :,(ii 
report-  on,  513   ■">!  I 
riprap.  513,  5    I 
rockfill,  513,  558 
.specifications  for.  553   561 
stabilising  tills,  513 
toe  support  fill-.  513 
( lontingendos 
in  preparing  coal  estimates,  1 1 

Contraction  transitions  in  conduit-,  369-370 
<  oiitraction  joints 

elastic  filler  material  in,  589   590 

grouting  of  (.sec  Grouting 

in  concrete  gravity  dam-.  243—244 

metal  SI  S90-591 

-hear  keys  in,  243-244 
specifications  for,  587 

water-top-  for.  21  1.  587-  M 
(  'oiitraction  losses  in  pressure  pipe-. 
Control  structure  for  spillways,  2.V>   - 

hydraulic  design  of,  270-288 
('out rolled  crests  for  spillways,  269—270 

by  Dashboards  and  Btopli  170 

by  radial  gates,  270 

by  rectangular  lift  gates,  270 

factors  influencing  selection  of  type  of, 

Bubatmospheric  pressures 

trajectory  profile  for,  2S2   28 
Convergence  in  spillway  discharge  channel-,  290  291 
Conveyance    capacity    factor    for    natural    ehanneb 

460-468 
Conversion  factor-     table  135—437 

nates,   13-1  t 

contingencies  in.  1 1 

in  relation  t.  f  project  investigation,  13 

quantity  estimate-  for,   13-14 

unit  OOStfl  for.    1  1 
Coulomb-  theorj ,  MS 
Crane  Prairie  Dam.  158,  21 
Creamer,   W     I'  .   168 

■  an,  64,  158,  213.  3 
t  width  of  concrete  -'  1 1 


600 


INDEX 


Crests  of  earthfill  dams 
camber  of,  202 
drainage  of,  203 
freeboard  (see  Freeboard) 
parking  areas  on,  202 
surfacing  for,  202 
used  for  highways,  202 
width  of,  201-202 
zone  line  modification  near,  203 
Crests  of  spillways 

controlled  (see  Controlled  crests  for  spillways) 
for  drop  inlet  spillway,  311-318 
ogee  shape  for,  262,  270-274 

discharge  of,  271-283 

subatmospheric  pressure  on,  282-283 
subatmospheric  pressure  on,  282-283 
structural  design  of,  337 
Criteria 

for  design  of  earthfill  dams,  162 

recommended  for  control  of  compaction  of  cohesionless 

soils,  514-516 
recommended    for    control    of    compaction    of    cohesive 

soils,  514-516 
Critical  flow 

critical  depth,  438,  441-442 
critical  discharge,  438 
critical  slope,  438 
critical  velocity,  438 
in  conduits,  444-449 
in  natural  channels,  467-468 
Culvert  spillways,  265-267 

antivortex  devices  for,  332-333 
cavitation  in,  267 
energy  dissipators  for,  333 
hydraulic  design  of,  326-334 

design  charts  for  flow  in,  452-459 

discharge  equation  for,  329-331 

head-discharge  relationships  for,  329 

nature  of  flow  in,  326-333 
negative  pressures  in,  267 
Curing  concrete  (see  Concrete  curing) 
Cut-and-cover  conduits  (see  Conduits) 
Cutoff 

cement-bound  curtain,  170,  181,  241,  244.  582-583 
collars 

for  cut-and-cover  conduits,  381-383 

for  precast  concrete  pipe,  469 

for  spillway  conduits,  342 
partial  trench,  168-169,  181-182 
sheet  piling,  169-170,  181,  241 

specifications  for  steel,  584 

specifications  for  timber,  583-584 
trench,  168-170,  179 

desirability  of,  168 

specifications  for  excavation  of,  544 
walls 

for  concrete  dams  on  pervious  foundations,  241 

for  earthfill  dams,  164,  500 

for  rockfill  dams,  226-228,  500 

for  spillway  structures,  339,  342 

to  increase  stability  of  concrete  dams,  240 

Darcv-Weisbach  formula  for  flow  in  pipes,  330,  366,  433. 

'  450-451 
Darcy-Weisbach  friction  loss  coefficient,  450-451 

relation  to  Manning's  coefficient,  450-451 
Davis,  F.  J.,  514 
Deflector  buckets  for  spillways,  259,  291-292 


Density 

defined,  484 

determination  of  in  place,  147-150 
relative,  152 
Design  procedures 

concrete  dams,  231,  233,  239-245 
dams  and  appurtenant  structures,  13 
earthfill  dams,  157-158,  163,  167-168,  196-198 
Detention  dams,   (see  also  Earthfill  dams,   Rockfill  dams, 
and  Concrete  gravity  dams) 
inspection  of,  412 
Deterioration  of  concrete 
caused  by  weathering,  517 
due  to  chemical  deterioration 

alkali-aggregate  reactivity,  517-518,  522-523 
sulfate  attack,  517-519 
Diamond  drilling,  123-125 
Diaphragm-type  earthfill  dams 
described,  159-160 
limitations  of,  159-160,  198 
materials  for,  198 
slopes  of,  198 
Dickinson  Dam,  168,  215 
Dilatancy  test  for  silt,  94 
Discharge  channels  for  spillways,  258-259 
convergence  in,  290-291 
divergence  in,  290-291 
freeboard  for,  291 
hydraulic  design  of,  288-291 
limitations  of  vertical  curvature  for,  290 
losses  in,  289-290 
selection  of  profile  for,  290 
Discharge  coefficients  (see  Coefficients  of  discharge) 
Discharge  curves  for  spillways,  250-252 
Discharge  formulas  for 
circular  crests,  313 
culvert  spillways,  329-331 
drop  inlet  spillways,  313 
flow  over  gate-controlled  ogee  crests,  283 
outlet  works  conduits,  366,  371-378 
sluice  flow,  283,  362 
uncontrolled  ogee  crests 
coefficients  for,  275-282 

effect  of  pier  and  abutment  shape  on,  271-275 
effective  length  for,  271 
net  length  for  use  in,  271 
Divergence  in  spillway  discharge  channels,  290-291 
Diversion  dams   (see  also  Earthfill  dams,   Rockfill  dams, 
and  Concrete  gravity  dams) 
inspection  of,  411 
Diversion  during  construction,  395-407 

cofferdams  for,  396-397,  399-400,  403-406,  581 
contractor's    responsibilities    for,    405-407 
designer's  responsibilities  for,  407 
diversion  floods,  25-26,  395-396  (see  also  Floods) 
downstream  requirements  during,  396 
factors  to  consider  for,  395 
Folsom  Dam,  396,  399 
methods  of,  396-405 
conduits,  396,  399 
flumes,  396 

multiple-stage  diversion  for  concrete  dams,  403 
storage,  396 

temporary  channels  through  earthfill  dams,  400-401 
tunnels,  396,  397-402  (see  also  Tunnels  for  diversion 
during  construction) 
specifications  for,  581-582 
streamflow  characteristics  effect  on,  395 
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Domestic  purposes,  requirements  nf  water  fur,  1-2 
Downstream  slope  protection,  309  210 
I  )i  ainagc  l  -•  <  alto  I  ih  i 
around  tunnels,  381 
blankets,  172  17.".,  181 
bj  pressure  relief  wells,  I7t>   i7s 
by  weep  holes,  241   242 
holes,  593  594 

.  1 1  it  till  dam  crests,  203 
nf  exposed  concrete  surfaces,  ">17 
of  interior  of  homogeneous  dams,  160  181 
pipes,  181, 
cast-iron  soil  pipe,  specifications  for,  594 
perforated,  specification!  for,  592 
sewer  pipe  with  calked  Joints,  specifications  for,  593 
sewer  pipe  with  open  joint-,  specifications  fur,  591  593 
relief  <>f  uplift  under  concrete  dams  by,  234  235,  242 
surface  drainage  Dear  earthfill  dams,  209,  594  595 

toe  drain-,   1  7li 

specifications  foi .  592 
trenches,  176,  183 

vertical  drain-  for  embankment  consolidation,  184 
Drop  Intel  spillways,  264  265 
oharacterist  ics  of  Bow  In,  •'*  1 1 
hydraulic  design  of,  :i  I  I    326 

conduit  for,  T21 

eresl  for,  311  318 
transition  for,  318  :<2i 
Drop  number,  308,  133 
Drj  I  alls  Dam,  215 
Durability  of  concrete 
effect  of  entrained  air  on,  590 
resistance  to  alkali-aggregate  reactivity,  517  518 
resistance  to  sulfate  attack,  .">I7  519 
resistance  to  weathering,  517 

Earth  pressures,  185 

on  retaining  walls,  169   170 
Earthfill  dams 

advantages  of,  6 1 

cofferdams,  103   105 

construction  of  (set  Construction  of  embankments 

■rest  surfacing  of,  202 

creel  width  of,  202 

described,  64  65,  168   161 

design  criteria  for,   102 

design  data  required,  8  '.',  162 

design  procedure-  for,  i:>7   158,  163,  I <>7,  196,  198 

diaphragm-type,  l -~> *. »   160,  198  (set  aUo  Diaphragm-type 

earthfill  dani- 

disadvantages  of,  65 

diversion  channels  through,  400  403,  404 

diversion  during  construction  of  (s«  Diversion  during 
construct  ion 

embankment  design  (set  Embankment  design  of  earth- 
fill  dams  and  Embankmenl  slop 

example-  of,  210    222 
failure-  of,   167 

foundation  design  for  (sa  Foundations  for  earthfill  dams) 
freeboard  for,  203  2oi  (see  also  Freeboard 
homogeneous,  160  161,  198  199  [aet  alao  Homogeneous 

earthfill  dams) 
inspection  of,  109   1 10 
operation  of  (set  Operation  of  dam- 
report  on  design  of,  16  17 
slope   protection    (set    Upstream   -lope   protection   and 

Downstream  -lope  protection 
slopes  I  -"  Embankment  slopes 


till  dam-     t  ontinued 
"small"  defined,  157 

specification*  foi  construction  of,  553  ."ml 
zoned  embankment,  Id  till  dams 

soning  ol  irthfill  da 

hquake 
acceleration  du< 

SS  It    a II eel      -.lection  of  type  Of  dam,   7ll 

effect  on  -dt  load 

increase  in  water  preitHurc  from 

load-  due   tO,    - 

Embankment  construct!)  I  onstruction  of  embank- 

me: 

Embankment  design  of  earthfill  dams,  190  201 
design  procedures  for,  190  191,  193 

pore-w  atei     pn  iwure,     192 

pre- 
-lop.  i  mbankment  -lop.  - 

stability  anal)  sea  for 

analytical  method-  of,  194   196 

basis  for  design  of  -mall  dams,  195 
utilisation  of  material-  from  structural  excavation,  195 

I'M,,   .Ml 

soning  (•«  Zoned  earthfill  dams,  Diaphragm-type  earth- 
fill  dam-,  and  Homogeneous  earthfill  dams 
Embankment  design  of  rockfill  dam-,  I 
eresl  detail-.  . 

placement  of  the  rockfill  /.one.  . 
preparation  of  upstream  1 

selection  of  rock  materials, 

slop 

typical  sect  i"!,,  228 
Embankment  load-  on  conduit-,    -       -      169 
Embankment  slopes 

diaphragm-type  earthfill  dam-.  198 

earthfill  dams,  196-201  Diaphragm-type  earthfill 

dams.     Homogeneous     earthfill     dam-,     and     / 

earthfill  dam 
effect  of  rapid  drawdown  on.   I 

flaring  of  at  abutments,  210 
miscellaneous  fill-.  184,  187 

of  horizontal  drainage  blanket-,    17:5-171,    IV 

procedure  used  for  determination  of.    1'".    198 

rockfill  dams,  226   228 

stabilising  fills,  184,  ls7 

toe  support  fill-.  184,     - 

zoned  embankments,   199  201  Zoned  <  :irt  hfill 

dam-i 
Emergency  spillways,  264  -255 
Energy  gradient,  1 13,  150 
Energy  of  (low,  136- 1 1" 
Entrainment  of  air  in  concn  Vir  entrainment   in 

concn 
Entrance  channels 

for  outlet  work-.  361 

for  spiilwa)  - 

losses  in.  27  1 

riprap  for,  342 
Entrance  loss  coefficients  for 

culvert  spillways,  331 

outlet  conduit-. 
Kntrance  1. 

Entrance  shape-  for  conduits 

Envelope  curve-  for  floods 

Esthetic  considerations  in  construction  of  dam-.  I.  7t> 

l  \<  ;i\  ation 

classification  of.  I    i 

di-po-al  of.  specifications  for. 
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Excavation — Continued 
for  foundations,  specifications  for,  539-543,  544,  548-549 
for  grout  cap,  specifications  for,  543 
in  borrow  areas,  specifications  for,  549-553 
in  tunnel  and  shaft,  specifications  for,  544-545 
draining,  lighting,  and  ventilating,  548 
permanent  supports,  545—547 
temporary  timbering,  547-548 

tunnel  roof  support  bolts  and  wire  fabric,  546-547 
of  rock  by  line  drilling,  specifications  for,  543-544 
overexcavation,  540-541 

separation  of  oversize  from  earthfill  material,  specifica- 
tions for,  551 
Exit  losses,  369 
Expansion  losses,  367 
Expansions  in  outlet  conduits,  369-370 
Explorations  for  dams  (see  Foundations  investigations  and 
Investigations  of  construction  materials  for  dams) 

Facing  for  rockfill  dams  (see  Concrete  paving,  Asphaltic 
concrete    facing,    Steel    facing,    and    Wood    plank 
facing) 
Failure  of  earthfill  dams,  157 

due  to  improper  construction,  157,  497 

due  to  improper  foundations,  71,  185 

due  to  piping,  166-167 

upstream  slopes,  196 
Filters 

defined,  485 

design  of,  174-175 

drainage  filter  for  earthfill  dams  on   pervious  founda- 
tions, 172-175 

drainage  of  homogeneous  embankments  by,    161,    172- 
173,  179,  181,  198-199 

for  pipe  drains,  176,  592-593 

for  pressure  relief  wells,  177-178 

specifications  for,  560-561 

under  riprap,  207-208 

used  for  transitions,  174,  179,  196,  198-199 

used  with  weep  holes,  241-242 
Finishing  of  concrete,  577-579 
Fishscreens  for  outlet  works,  361 
Flashboards  for  spillway  crests,  269-270 
Flatiron  Dam,  346 
Flood  control  projects,  2 
Flood  formulas,  21-22 
Flood  routing,  250-252 

by  arithmetic  method,  251-252 

by  rough  approximation  method,  252 
Floods 

data  required  for  determination  of,  22 

during  construction,  25-26,  395-396 

envelope  curves  for,  25 

estimating  storm  potential  for  determining,  22-23,  27-32 
(also  see  Storms) 

extent  of  study  required,  22 

for  design  of  dams  and  spillways  (see  Inflow  design  flood) 

formulas,  21-22 

frequency  determination  of,  25-26,  57-60 

from  snowmelt,  26 

influence  of  geographical  location  on,  22 

influence  of  soil  and  cover  on,  23 

routing  of  (see  Flood  routing) 

studies  of  in  relation  to  project  studies,  11-12 

use  of  precipitation  data  in  estimating,  21 

use  of  streamflow  records  in  estimating,  19-25 

use  of  watershed  data  in  estimating,  21 


Flow  net,  used  for 

analyzing  seepage  forces,  167-242 

determining  flow  pattern  through  earth  embankments, 

194 
determining    length    of    horizontal    drainage    blanket, 
173-174 
Fluvial  soil,  110-112 
Folsom  Dam,  396 

Forms  for  concrete,  567-568,  573-574 
Fort  Sumner  Diversion  Dam,  346 
Foundation  investigations 
feasibility  report  of,  72 

logging  of  explorations  (see  Logging  of  explorations) 
need  for,  71 

recommended  methods  of,  72 
reconnaissance  report  of,  72 
sampling  (see  Sampling) 
stages  of,  12,  71-72 

subsurface  exploratory  methods,   117-126  (see  also  Sub- 
surface exploration) 
surface  explorations,  110-117 
Foundations    (see   also    Foundations    for    concrete    dams, 
Foundations    for   earthfill    dams,    Foundations    for 
rockfill    dams,    Sand    and    gravel    foundations    for 
earthfill  dams,   and  Silt   and   clay  foundations  for 
earthfill  dams) 
as  they  affect  selection  of  type  of  dam,  68-69 
consolidation  of  by  flooding,  188-189,  584-585 
excavation  of,  500,  539-544,  548-549 
investigations  of  (see  Foundation  investigations) 
placing  first  layer  of  embankment  on,  501 
preparation  of,  500-501,  554-555 
protection  of,  540,  548-549 
unwatering  of,  582 
Foundations  for  concrete  dams  (see  also  Foundations) 
overstressing  of,  240 
pervious,  240-243 
aprons  for,  241 
cutoffs  in,  241 
design  of  by  the  weighted-creep  theory,  242-243,  (see 

also  Weighted-  creep  theory) 
design  procedures  for,  240 
drains  to  relieve  uplift  pressures  in,  241-242 
piping  in,  243 

underseepage,  amount  of,  242 
uplift  forces  in,  234-235,  242 
weep  holes  to  relieve  uplift  pressures,  241 
reaction  of,  238-239 
sliding  on,  239-240 

uplift  forces  on  rock,  234-235,  238-239 
Foundations  for  earthfill  dams,  162-190  (see  also  Founda- 
tions) 
cutoff  walls,  164 
grouting,  164 
key  trench,  163 
minimum  treatment  of,  163 
nature  of,  163-164 
preparation  of,  500-501,  554-555 
rock,  164 
sand   and   gravel,    164-182    (see   also   Sand   and   gravel 

foundations) 
shale,  164 

silt  and  clay,  182-190  (see  also  Silt  and  clay  foundations) 
Foundations  for  rockfill  dams,  225-226  (see  also  Founda- 
tions) 
cutoff  wall  in,  226,  228 
grouting  of,  226,  228 
requirements  for,  225-226 
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Free  overfall  spillways,  360  263 
hydraulic  design  <>f,  :t(>7  308 
hydraulic  jump  basin  f<>r,  :>ns 

impact   block  tm-in  for,  308   309 

Free  board 
encroachment  upon  whin  emergency  spillways  used,  366 
for  concrete  dama,  -'  1 1 
for  earthflll  dama,  303  304 
amount  recommended,  30 1 

minimum,  308 

normal,  308 

for  spiilwaj  discharge  obannels,  291 

for  stilling  basins,  .'{01 

rational  determination  of,  303  2ui 
Frequency  determination  of  floods,  36  36,  67  60 
Friction  lo 

m  obannels,  388  388,  1 1  I 
in  pipes,  366,  180 
ide  number,  290,  292,  294  298,  188 

in  relation  to  drop  number,    ins 

Fruitgrowers  Dam.  158  159,  215,  359,  847 
Fuse  plug  dike-  for  auxiliary  spillways,  354 

Galloway,  J    D.,  228 

( lates 

for  outlet  works,      -  361 

for  ipillwaj  crests,  269  270 
i  leology 

data  required  for  project  investigatioi 

maps  (cm  Map-,  geologic 
Geophysica]  exploration,  r.'ii 
Glacial  soil,  112   1 16 

glacial  nil,  Mi'  in 
Glen  Anne  Dam,  348,  387 
Glossarj   of  soil  mechanic-  term-,    17'.'    196 

<  ira\ el  (est  ojJse  Boll 
defined,  i^'. 

engineering  properties  of,  93  94 
for  concrete    ...  Concrete  aggregate 

particle  -]/.-  of,  '.Ml 

poorly  graded,  96 
well  graded,  96 
Gravity  dami    iei   Concrete  gravitj  dams 

( IrOUnd  water 

requirements  for  projects  for  recharging  of,  :i 
study  i»f  conditions  during  project  investigation,  12 

( Jrotlt   cap 

excavation,  specifications  for,  643 

use  of,    111  1 

( irouting 

anchor  bar-  in  place,  .Vi| 
around  tunnels,  381 
contraction  joint- 
pipe  for  grouting  of,  562  664 

pressure  grouting  of,  564  566 

specifications  for  grouting  of,  561   51 
pities    in   diversion    openings    through   concrete   dam-, 

399 
rock  foundation-,   In  I,  220 

drilling  urout  hole-  in,  561   562 

pipe  for  grouting  of,  562  ".t.i 

pressure  grouting  of,  564  566 

specifications  for  grouting  of,  561   566 

-and  and  gravel  foundation-,   17(1    171 

tunnel  plugs, 

I  lead  loss  (te<  I  obi 

Heart  Butte  Dam.  266,  :<■">:{ 


Helena  \  sJlej  Dam, 
Hilf,  Dt    i    W„  71 
Hoffman,  C.  J.,  247,  345,  I 
Homogeneous  earthfiU  ■! 

(bed,    160     161 

drainage  tilt,  i  I 

embankmenti  bj 
modification  of,  160  161,  198  199 
slopes  recommended  for, 
when  to  use,  198 
Howard  Prairie  Dam,  316, 

II J  draulic  formula-,    13  ■ 

Hon  m  closed  conduits,  1 1 1 
Mow  in  open  obannels,  136   1 1 1 
pressure  Bon  In  conduits,  1 19   160 
Hydraulic  gradient 

II  ',  draulic  jump,    l.'il     •■ 

formuls  for,  451 

in  relation  to  Froudc  number,  -  162 

Hydraulic  jump  ba-m-,  291    301,  •'«>:! 

baffle  block-  for,  294  -,,'7 
basin  depth-  versus  hydraulic  hi 

characteristic  form-  of  How  in  relation  to  Fronde  number, 

292  . 
design  example,  303  306 

for  tree  overfall  -plllu 
for  outlet   works,  370  871 
freeboard  for,  301 

rectangular  versus  trapezoidal,  '~>~ 

tail  water  considerations  in  design  of,  297  M)\ 
II > draulic  ->  mbol-  defined, 
Hydrographs  (se<  also  (Jnitgraph) 

analysis  of  recorded  hydrographs,  39   il 

application  of  triangular  hydrograph,  13,  Is   19 

use  of  triangular  hydrograph  to  represent   curvilinear 
hydrograph,  12,  1 1    16 
Hy  Irolog} 

data  required  for  project  investigations,  7  x,  10  12 

tlood  -i  tidies     •  -   I  loods,  Btudii 

ground  water  st  tidies,  12 

reservoir  yield,  10 

sediment  deposit  ion,  1 1 

streamflow  yield,  10 

water  requirements  for  project  use,  11 

he  pressure,  2Xi,  235-236 
Igneous  rock-  (ess  Hooks,  igneous 

Impact  baffle  -tillitiK  ba-m.  -  >07 

Impact  block  -tilling  ba-in  for  straight  drop  spillways,  308 

Industrial  use,  requirements  of  water,  2 

Inflow  design  Hood.  249 
comparison  of  with  floods  of  record.  24 
criteria  for  selection  of  magnitude  of,  13,  217 

data  required  for  computation  of,   F* 

defined,  19 

less  than  maximum  probable      A  — umption  A  conditions 
defined,  43 
example  of  computation  of  in  the  United  Bl 

of  the  105"  meridian.  58 
.  x.unple  of  computation  of  m  the   Tinted  Bt 

of  the  106"  meridian,  .">7 

less  than  maximum  probable     Assumption  U  conditions 

defme, i 

example  of  computation  of  in  the   United  Bt 

of  the  106"  meridian, 
example  of  computation  of  in  the  United  State-  west 

of  the  105°  meridian,  67 
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Inflow  design  flood — Continued 
maximum  probable  flood 
defined,  19 
example  of  computation  of  in  the  United  States  cast 

of  the  105°  meridian,  50-54 
example  of  computation  of  in  the  United  States  west 

of  the  105°  meridian,  57 
method  for  computing,  23-24 
procedure  for  computation  of,  43-57 
routing  of,  250-252  (see  also  Flood  routing) 
Inspection  during  construction 
in  borrow  pits,  503,  513 
of  earthfill  embankments,  502-505 
of  miscellaneous  fills,  511 
of  pervious  embankments,  512 
of  riprap,  513 
of  rockfill,  513 
of  stabilizing  fills,  513 
of  toe  support  fills,  513 
reports  of,  513-514 
responsibility  of  inspector,  497 
Inspection  of  dams 

after  completion,  409-411 
by  a  board  of  engineers,  410 
concrete  dams  and  structures,  410-411 
detention  dams,  412 
diversion  dams,  411 

during  construction  (see  Inspection  during  construction) 
earthfill  dams,  409-410 
mechanical  equipment,  411 
reporting  of  abnormal  developments,  410 
reports  on,  409-410 
Instructions  for 

maintenance  of  dams,  409-411 
operation  of  dams,  409 
Intake  structures  for  outlet  works,  360-361 
Investigation  of  construction  materials  for  dams 
concrete  aggregate,  76-77,  130 
embankment  soils 

feasibility  investigations  for,  74 
reconnaissance  investigations  for,  73-74 
stages  of  investigation  for,  72-74 
logging  of  explorations  (see  Logging  of  explorations) 
riprap,  74-76,  130 

surface  boulders  used  for,  76,  130 
talus  used  for,  76-77 
rockfill,  74-76 
sampling  (see  Sampling) 

subsurface  exploratory  methods,  117-126  (see  also  Sub- 
surface exploration) 
surface  explorations,  110-117 
Investigation  of 

construction  materials   (see  Investigations  of  construc- 
tion materials  for  dams) 
foundations  (see  Foundations  investigations) 
projects  (see  Project  investigations) 
Irrigation 
data  on,  6 
water  requirements  for  projects,  1,  11 

Johnson,  A.  F.,  1 
Joints 

filler  for,  589-590 

in  conduits,  383-384 

in  precast  concrete  pipe,  469 
Justin,  J.  D.,  497 


Key  trench,  163 
Keyways 

for  tunnel  plugs,  399 

in  contraction  joints,  243-244 

in  diversion  openings  through  concrete  dams,  399 
Kinetic  flow  factor,  292 
Kirwin  Dam,  349 
Klang  Gates  Dam,  349 

Laboratory  tests  on  soil 

Atterberg  limits,  151 

gradation,  150 

liquid  limit,  151,  488 

optimum  water  content,  151-152,  489 

penetration  resistance,  152,  489 

plastic  limit,  151,  490 

plasticity  index,  151,  490 

Proctor  maximum  dry  density,  151-152 

relative  density,  152,  489 

specific  gravity,  151,  492-493 

water  content,  150-151 
Lag  time,  41 

Lane,  E.  W.,  212-243  (see  also  Weighted-creep  theorv) 
Lara,  J.  M.,  433 
Larkins,  X.  F.,  537 
Larson,  E.  H.,  vi 
Laws  affecting  small  dams,  13,  70 
Leach   method   for   determining   water   surface   profile    in 

natural  channels,  465-467 
Lewandowski,  E.  R.,  395,  537 
Lewis,  A.  T.,  231 
Lining 

for  spillway  channels,  338-340 
anchorage  of,  338-339 
cutoffs  for,  339 
drainage  under,  339-340 
joints  in,  340 

reinforcement  for,  338-339 
thickness  of,  338 

for  stilling  basin  floors,  340-342 

in  tunnels,  357,  380 

reinforcement  for,  380-381 
Lion  Lake  dikes,  215,  345,  350 
Liquid  limit,  92-93,  151,  488 
Loess,  114,  185-186,  188-190,  488 
Logging  of  explorations,  136-144 

describing  rock  cores,  143-144 

describing  soils,  142-143 

forms  for,  136-142 

identification  of  holes,  136 

penetration  resistance  log,  138 
Los  Angeles  rattler  test  for  determination  of  quality   of 

coarse  aggregate,  571 
Loss  coefficients  for 

bends,  367-368 

conduit  entrances,  366-367 

conduit  exits,  369 

contractions,  367 

expansions,  367 

gates  and  valves,  367-369 

siphon  spillway  flow,  335 

trashracks,  366 
Losses 

in  discharge  channels,  288-290 

in  outlet  conduits,  366-369 

through  bends,  367 

through  conduit  entrances,  366-367 
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i  ■  ontinued 

i  hrough  conduit  exits, 

t  1 1  r-  <  1 1 1  u  1 1  conduit  transltioni 

through  gates  and  v  al 

through  trashracks,  II 
Lovewell  I  lam,  215 

Maintenance  i>f  dams 
concrete  danu,  l in 
detent  ion  dams,  1 12 

ilis  er-loli  <  I :» 1 1 1 - .    I  I  I 

earthflli  dams,  109,  il  l 

instructions  for  responsibility  >>f  designer,  109 
Manning'i  formula 

for  closed  conduit  flow  .  366    160 

fur  flow  in  open  channels,  289,  in    160   *• » i 
Manning'i  coefficient  of  roughness 

determination  of  from  field  measurements,  160 

for  closed  conduit  flow .  368,  160 

for  How  in  nat ural  channels,  161 

for  flow  in  open  channels,  289,  364,  in 

relation  i<>  Daroy-Weisbach  coefficient,  150    c>i 
\l  ip 

agricult  ural  m  til,  Bl  85 
extent  of  mapping,  81 
use  of,  - 

borrow   area-.  9,    III 

dam  rites,  B,  10 
geologic,  B,  B0  Bl 

securing  engineering  information  from,  g] 
Btatus  of  in  the  United  Btates,  81 
types  of,  B0  Bl 
planimetric,  5 
project  location,  7 
reservoir,  8,  in 
river  survej .  7^ 
topographic,  5,  78  N" 
transportation,  5  6 

use  of  topographic  maps  for  surface  exploration-,  i  id   i  it 
Mar-ton  theory  of  embankment  pressures, 
Marys  Lake  dike-,  215 
Materials  for  construction  of  dams 
as  they  affect  -election  of  type  Of  dam.  69 
investigation   of  in   relation   to  Btage  of  investigation, 
12   13 

Maximum  probable  flood   [$ei    [nflOW  design  flood 

May,   I).   R  ,    195 

McKay  Dam.  205,  208 

Mechanical  equipment  for  dam- 
inspection  and  maintenance  of.   111 
instructions  for,  109,  1 1 1 

Medicine  Creek  Dam.  188-  190 

Membrane  for  rockfill  dan  oncrete  paving,  Asphaltic 

concrete  facing,  Steel  facing,  ond  Wood  plank  facing) 

Metal  -eals 

for  construction  joints  in  tunnel  lining,  590—691 

for  contraction  joints.  244,  590 
Metamorphic  rocks  [set  flocks,  metamorphic) 
Midview  Dam,  215 
Miller.   I).  I..   19 
Minerals 

cleavage  of,  inn 

common  rock-formum,   100-101 
fracture,   100 
hardne.-s  of,   100 
identification  of,  99    100 
luster.   100 
streak,    100 


Mixing  ol 

Mohr  strength  envi 

Moisture  control 

lopment  i  bankment 

in  borrow  pil 

of  embankment  material  pi 
optimum  water  content  11,  | 

specifications  foi 
Monfon  ,  G.  1      2 
Montgomery   Dam 

Morning  glorj  spillways    •••  Drop  inlet  ipillw 
Municipal  use  requirements  of  w 
Murdock  I  n\  ersion  I  tan 
Mus(  W  .  113 

Nappe  profiles 

for  circular  weir  spillw 

for  one.   spillwaj 
Natural  channels 

conveyance  capacit)  factor  for,  167 

hydraulics  of,  152    168 
Negative  pressures  [m  Subatmospheric  pri 
Newt, ,n   Dam 

Nomenclature 
-oil  mechanics,  179    I 

<  IchoCO   I  >aui,    17  I 

i (gee  crest 
coefficients  of  discharge  for.  27. 

designed  for  less  than  maximum  head,   it 
discharge  formula  for,  '27  1 

shape  for.  270  27 1.  U 
Ogee  Bpillwaj  - 
olympus  Dam.  67,  7o.  215,  349,   106 

Open  channel  -pilluay-  i><.   Chute  spillways 

i  >pen  end  permeability  tests,  l  15   i  16 

<  Iperation  <>f  dams,  411—412 

changes  in  plan  of,  1 12 
for  multiple  uses,    1 12 
instructions  for  responsibility  of  designer 
mechanical  equipment,  109,  ill 
storage  dam-,  1 1 1 
optimum  water  content,  189 
average  \  alues  of,  ''7 

compaction  of  Cohesive  soil-  at  le-^  than.    • 

compaction  of  cohesive  soils  at  more  than,  501 

for  control  of  compaction,  502,   564 

Ore,  ]     L.,  517 

<  Organic  soils, 

identification  .if. 

<  Irtegs  Reservoir, 

<  tutlet  channels 

for  outlet  work-, 
for  spillw  a\  -,  260 
pilot  channel-.  260 

riprap  requirement  foi 

Outlet  works 

arrangement  of. 

chart  for  estimating  pressure  cond 

classification  of,  3  15  350 

components  of, 

Conditions  which  determine  layout   -election. 

control  and  access  -haft -. 

control  house-,  360 

controls, 

cut-and-cover  conduit-,  35C  51-38 

dgn  example-.    i7  I 
determination  of  required  capacities  for 
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Outlet  works — Continued 

dissipating  devices  for,  361,  370-371 

entrance  and  outlet  channels,  361-362 

fishscreens,  361 

functions  of,  345-350 

hydraulic  design  of,  362-378 

hydraulic  jump  basins  for,  370-371 

intake  structures,  360-361 

location  of  controls  for,  354-356 

nature  of  flow  in,  362 

open  channel  waterways,  357,  362-364 

plunge  basins  for,  371 

position  in  relation  to  reservoir  level,  350-351 

pressure  flow  in,  364—366 

pressure  flow  losses,  366-369 

stilling  wells,  371 

structural  design  details  for,  378-393 

terminal  structures,  361,  370-371 

transitions  in,  369-370 

trashracks,  360-361 

tunnels,  357-358,  380-381 

types  of,  345-350 

used  for  diversion  (see  Diversion  during  construction) 
Overflow  spillways  (see  Ogee  spillways) 

Packer  permeability  tests,  146—147 
Pavings  (see  also  Linings) 

for  spillway  channels,  338-340 

for  stilling  basins,  340-342 
Penetration  tests,  125-126 

log  forms  for,  138-142 
Percolation  tests,  124-125,  144-147 
Permeability  coefficient,  98,  482 

determination  of,  144-147,  165-166 
Pervious   foundations    (see  Sand   and   gravel   foundations 
for   earthfill    dams    and   Foundations   for   concrete 
dams) 
Phreatic  line,  193-194,  198 
Picacho  North  Dam,  215 
Picacho  South  Dam,  215-218,  350 
Pilot  channel  for  spillway  outlet,  260 
Piping 

blowouts  due  to,  166-167 

defined,  489 

due  to  seepage  forces,  166-167 

heave  failure  due  to,  166-167 

not  critical  in  impervious  foundations,  166-167 

subsurface  erosion  due  to,  167 
Pishkun  dike,  218 

Placing  of  concrete  (see  Concrete  placing) 
Planning 

of  projects  (see  Projects) 

reports  (see  Reports) 
Plastic  limit,  92-93,  151,  490 
Plasticity  index,  92-93,  490 
Plunge  basins,  259,  361,  371-372 
Plunge  pools,  260-261,  307 
Pore-water  pressure,  192-195 

as  affected  by  rapid  drawdown,  193 

avoiding  in  embankment  construction,  192-195 

definition  of,  192 

effect  on  shearing  resistance,  192-195 

in  relation  to  compaction  of  cohesive  soil,  499 

in  relation  to  compressibility  of  cohesive  soil,  500 

quantitative   determination    of   not    required   for   small 
dams,  194 
Porter,  L.  C,  517 
Portland  Cement  Association,  469 


INDEX 

Pozzolans,  522 

Precast  concrete  pipe  conduits,  469-475 

bedding  of,  469 

cutoff  collars  for,  469 

design  of,  469-475 

joints,  469 
Pressure  gradient,  450 
Pressure  relief  wells,  176-178,  182 

design  requirements  for,  177 

limitations  of,  178 
Proctor  and  White,  381 
Proctor  compaction,  498,  555,  559-560 
Proctor  maximum  density,  502 

average  values  of,  97 
Proctor  penetration  needle,  152 

to  determine  moisture  conditions  in  borrow  pits,  503 

to  determine  moisture  conditions  of  soil  prior  to  com- 
paction, 503 

values    for    control    purposes    obtained    during    rapid 
method  control  tests,  510 
Proctor,  R.  R.,  498-499 
Project 

cost  estimates,  13-14  (see  also  Cost  estimates) 

defined,  1 

esthetic  considerations,  4,  70 

finalizing  the  plan  for,  14-15 

general  plan,  development  of,  4-7 

investigations  (see  Project  investigations) 

location  maps,  7,  9 

planning  objective,  3 

planning  reports  (see  Reports) 

purposes,  1-3 

relation  of  dam  to,  1 
Project  investigations  (see  also  Hydrology) 

basic  data  available,  5-7 

data  required  for  dams,  8-9 

extent  of,  4 

general  data  required  for,  7-8 

outline  of,  7-9 

planning  programs  for,  9 

related  projects  to  be  considered,  4 

reservoir  data  required  for,  8 

sanitary  studies  performed  during,  13 

stages  of,  4-5 
Properties  of  concrete 

durability  (see  Durability  of  concrete) 

effect  of  entrained  air  on,  520-521 

effect  of  pozzolans  on,  522 

resistance  to  abrasion,  522 

strength,  519 

tests  for,  569 

workabilitv  (see  Workabilitv  of  concrete) 
Puis,  L.  G.,  vi 

Pumping-in  permeability  tests,  144-147 
Purpose  of  dams 

change  in,  412 

coordination  of  multiple  uses,  412 

in  relation  to  project  purposes,  1-3 
Putah  Diversion  Dam,  170,  346 

Quantity  estimates,  13-14 

Radail  gates 

for  outlet  works,  358-359 

for  spillway  crests,  269-270 
Rainfall  (see  Storms  and  Runoff) 

Rankine    formula    for    computation    of   silt    load    against 
concrete  dams,  235 
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Rapid  drawdown,  193 

effect  mi  upstream  slope  «>f  earthflll  dam,  196 
Rapid  method  <>f  eompaction  oontrol 

equipment  required  for.  508 

examplei  < >f  use  of,  •'i|is  6 1  i 

explained,  508  ">i  i 

form  for,  506 

io  determine  degree  of  oompaetion,  504 

to  determine  density  of  foundations,  188 

to  determine  moisture  condition  of  toil  |inor  to  com- 
lion,  503 

to  determine  moisture  condition  of  soil  in  borrow  | » i  t  ~ . 
;>o:< 

use  of  parabola   method   to  And   peak   of  eompaction 
curve,  508 
Rattlesnake  !  itm,  847,  (7  i 

Reaction  of  foundations  of  concrete  dams,  238  239 
Heady-mixed  concrete,  568 
Recreation  projects 

investigations  of  for  fish  and  wildlife,  2  •!.  13 

requirements  for,  2 
Rectangular  lift  gates 

for  OUtlel  work-, 
for  spilhn  ay  crests,  270 
Reinforce  men! 

placing 

specifications  for,  568,  57  I 
tolerances  for.  575 
specifications  for.  567,  574 
Relative  consistency 

i  measure  of  Btrength  <>f  fine-grained  foundations, 
183-184 
defined,  183   184,  I'M 
Relative  density,  191,  500 
as  related  to  instability  of  sand  and  gravel  foundations, 

L65 
test,  specifications  for,  560 
testa  for  control  of  compaction  of  pervious  materials,  ">i ■> 

Removal  Of  water  from  foundation.-,  581-582 

Repair  of  concrete,  579 
Reports 

on  design  of  dam,  outline  of,  15-17 

on  embankment  construction,  513-514 

on  foundation  investigations,  72 

project  planning 

co-t  estimates  for,  13   14 

types  of,  15 
Residual  soil,  114  117,  I'M 
Retaining  walls,  169 

Rice,  <>.  I..,  vi 

Riprap 

dumped  rock,  204   207 

blanket  under,  207.  559 

construction  of,  513,  558 

requirements  of  rock  for,  206  208,  551   552 

specifications  for,  .">.">! 

superiority  of,  204  205 

thickness  and  gradation  of,  207.  552 
for  spillway  cha Js,  260,  -i  12 

hand-placed,  204-  205,  207    -'on 

investigations  of  sources  for,  7  1  7 f» 

laboratory  tests  on,   152    I  •">  I 

sampling  of,  130 

Rock  foundation-  for 

concrete  dam-  (set  Foundations  for  concrete  dams 
earthfill  dams 

cutoff  wall-.  164 

grouting,  164 


k  foundation-  for      ( 'ontin  . 

earthflll  dam-     *  ont 

-li.il.  ,  II  149 

I  llient    uf,    10  1 

rockflll  dams, 
Rockflll  dams 
cofferdams,  104   106 

mstructioi 
defined,  159, 

design  data  required  for.  s  9 
diaadvanta)  66 

diversion  durum  constructii  during 

construction 
embankment  design  ol 

de-inn  uf  rucklill  d 
foundation-  I  nidation-  for 

till  dam-  and  Foundation  investigate 
internal  diaphragms  for.  236 
investigations  of  sources  of  rock  for.  7i  7n 
preparation  of  upstream  face  ol 
report  on  design  of,  15   17 
rockflll  /on. 
typical  section  ol 
upstream    membrane   for, 

paving    for   upstream    slope   protection,    tsphaltic 

concrete    facing,    Steel    facing,    and    Wood    plank 

facing] 

lift 

Rocks 
defined,  191 

engineering  properties  of,  109 
igneous,  101-104 
classification  of,  102-103 

common  types  of,   103—104 

structural  features  of,  10 1 
metamorphic,  107  -109 
classification  of,  108-109 

common  t>  pe-  of,    l|ls 

sedimentary,  104—107 
classification  of,  105- 106 

common  type-  of,    108 
BtrUCtUral  feature-  uf.    106    107 

Rollers 
for  compaction  of  cohesive  soil* 
specifications  for, 
Edwin,  - 
Rotary  drilling,  123-121  to  Logging  of  exploratk 

Runoff 

i-  affected  by  snow  cover 
distribution  of,  2:i 

estimating  of  from  rainfall  data,  33—39 
analysis  of  observed  data, 
averaging  rainfall  by  Thiessen  polygon  methi 
infiltration  rate  of  rainfall,  33-33,  133   138 

i-ohyctal  map-.  X"> 
mass  cur\  es  Of  rainfall,  U."> 
method  of  analysis,  .'{5 
rainfall  excess,  33—35,  37-39 
retention  loss,  32—38 
estimating  of  from  soil  and  cover  dat 

effect  of  antecedent   rainfall  on.    12'.'    131 
effect  of  land  u-e  on,   121    127 
example  i  if.   .">1     53,   55 

hydrologic  soil  groups,  113   121 

influence  of  -oil  and  0O\  ST  00     • 

Sampling  ogging  of  exploral 

auger  holes,  120 

te,  130 
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Sampling — Continued 

hand-cut,  undisturbed,  131-132 

open  excavations,  129 

penetration  samples,  131 

riprap,  130 

rock  cores,  132-136 

size  of  samples  required,  127-129 

stockpiles,  129-130 
San  Jacinto  Regulating  Reservoir,  218 
Sand,  (see  also  Soil) 

defined,  491 

engineering  properties  of,  93-94 

particle  size  of,  90 
Sand  and  gravel  for  concrete  (see  Concrete  aggregates) 
Sand  and  gravel  foundations  for  earthfill  dams 

characteristics  of,  164-167 

Darcv  formula  for  seepage,  165-166,  168 

design  for,  178-182 
procedures,  167-168 
summarized,  179 

when  the  pervious  foundation  is  exposed,  178-182 
when  the  pervious  foundation  is  overlain  by  an  imper- 
vious layer,  178-179,  182-183 

instability  of,  165 

methods  of  treatment,  167-178  (see  also  specific  methods 
of  treatment  including:  Blankets,  Cutoffs,  Drainage 
trenches,  Grouting,  Pressure  relief  wells,  Sheet 
piling,  and  Toe  drains) 

permeability,  determination  of  coefficient  of,  165 

seepage  forces,  166-167  (see  also  Piping) 

seepage  through,  164—165 

underseepage,  amount  of  in,  165-166 

underseepage,  example  of  computation  of,  165-166 
Sanitarv  studies,  13 
Scofield"  Dam,  264,  348 
Sealing  compound  for  curing  concrete 

specifications  for,  567,  580 

use  of,  536,  580-581 
Sediment 

amount  of,  11 

availability  of  data  on,  6 

deposition  pattern  of,  1 1 

effect  on  reservoir  capacity  of,  1,  8 
Sedimentarv  rocks  (see  Rocks,  sedimentary) 
Seeding  slopes,  209-210,  585-587 

seed  for,  586 

topsoil  for,  585 

water  for,  586 
Seepage 

Darcy  formula  for,  165-166,  168,  242 

phreatic  line,  193-194,  198 

through  earthfill  dams,  160,  193-194 

through  sand  and  gravel  foundations,  165-167  (see  also 
Sand  and  gravel  foundations) 
Seepage  forces,  166-167 

analysis  by  flow  net,  167 
Selection  of  type  of  dam,  68-70 

as  affected  by  esthetics,  70 

effect  of  purpose  on,  70 

physical  factors  influencing,  68-69 

statutory  restrictions  influencing,  70 
Service  spillways  (see  also  type  of  spillway,  i.e.,  Free  overfall, 
Ogee,  Side  channel,  Chute,  Tunnel,  Culvert,  Drop 
inlet,  and  Siphon) 

combined  with  auxiliary  spillway,  253-254 

description  of,  255-269 
Sewer  pipe  drains 

use  of,  161 


Sewer  pipe  drains — Continued 

with  calked  joints,  specifications  for,  593 

with  open  joints,  specifications  for,  591-593 
Shadehill  Dam,  348 

Shadow  Mountain  Dam,  158,  160,  168,  218,  248,  498 
Shaft  spillways  (see  Drop  inlet  spillways) 
Shale 

defined,  539 

foundations 

for  earthfill  dams,  163-164 
protection  of,  540,  548-549 
Shear  friction  factor  not  used  for  small  dams,  239-240 
Shear  keys,  243-244 
Shearing  strength  of  soil,  98-99 
Sheet  piling,  169-170,  405-406 
Side  channel  spillways 

"bathtub"  type  of,  262 

described,  262-263 

design  example,  286-288 

hydraulic  design  of,  283-288 

selection  of  control  for,  285-286 

shape  of  trough  for,  285-286 

water  surface  profile  in,  285 
Silt  (see  also  Sediment  and  Soil) 

engineering  properties  of,  94-95 

identification  of,  94 

particle  size  of,  90,  492 
Silt  and  clay  foundations  for  earthfill  dams 

dry  fine-grained  foundations 
characteristics  of,  184-185 
design  procedures  for,  186-190 
loess,  185-186 

methods  of  treatment  of,  184-186 
preirrigation  of,  188-189,  584-585 

saturated  fine-grained  foundations 
design  procedures  for,  182-184 
drainage  of,  184 

methods  of  treatment  of,  182-184 
removal  of  soft  material,  184 
stabilizing  fills,  184-187 
Silt  pressure,  233,  235 

effect  of  earthquake  shock  on,  236-237 
Siphon  spillways 

allowable  subatmospheric  pressures  in,  334-335 

described,  267-269 

discharge  equations  for,  334-335 

hydraulic  design  for,  334-335 

loss  coefficients  for,  335 
Slaterville  Diversion  Dam,  170 
Sliding  factor,  239-240 
Slope  protection 

downstream  slope  protection,  209-210,  585-587 

upstream  slope  protection  (see  Upstream  slope  protection) 
Slopes  of  dams 

concrete  dams,  244 

earthfill  dams  (see  Embankment  slopes) 

rockfill  dams,  226-228 
Slotted  grating  dissipator,  308-310 
Slump  of  concrete 

for  tops  of  walls,  piers,  columns,  535 

for  unformed  slab  placed  on  a  slope,  535 

loss  of  due  to  being  transported  pneumatically,  534 

loss  of  due  to  false  set,  522 

loss  of  in  truck  mixers,  532 

recommended  maximum,  525 

required  for  pumping  concrete,  534-535 

specifying,  567,  569 

test  of,  517,  569 
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-i    ill  dams 
defined,  v,  167   158,  231 

•r  munition    of    Inflow    design    Hood-    fur.    \ 
Inflow  design  flood 
Ice  dike,  219 
Sodium-sulphate  test   for  determination  of  soundness  of 

coarse  aggregate,  154,  57 1 
Boll 

■iian  depoaita,  1 1  I 
.  1 1 : 1 1  ■  1 1 1 1  \  of  data  on,  6 
average  properties  of,  'J7 
classification  of  (*m  Boll  olaasifioatii 
eompressibilitj  ol 
eonsiatei 
consolidation  of 

defl 1.  192 

describing  in  logging  exploratory   holes,   l  12   l  l -» 
determination  of  densitj  of  In  plane,  i  17   150 
determination  of    permeability  coefficient  of,    ill   147, 

165  165 
pffecl  of  nature  of  -oil  on  runoff  (am  Runoff 
engineering  characteristics  of,  '" 
fluvial,  110   112 
for   embankments    (am    Investigations   of  construction 

materials  for  daim 
glacial  depoaita,  112  ill 
hydrologic  groups  of,  113   125 
maps  of  (am  Maps,  agricultural  soil) 
permeability  of,  MS 
residual  soil,  ill   117 
shearing  strength  of,  98  99 
tests  on  (am  Laboratory  teats  on  -oil) 
Boil  classification 
in  the  field,  95  96 
in  the  laboratory  ,96 

Unified  Soil  Classification  Bystem,  B 5  96 

s.,ii  components,  89  90 
gradation  of,  u<>  91,  96 
particle  shape,  90  92 

particle  -i/r.  90 

Soil  mechanics 

aspects  of  control  of  embankmenl  construction,  199  -— > i » *  > 

nomenclature,  47i»   196 
Soldi,  r  Canyon  Dam,  348 
Specific  energy,  288,  438 
specific  gravity 

indication  of  aggregate  quality,  ">23 

required  for  coarse  aggregate,  •">7l 
Specifications 

for  various  items  of  work  (refer  iii  specific  item  </• 
purpose  of,  ">37 

Spillway  capacity 

as  it  affects  selection  of  type  of  dam,  69  7ii 
guide  in  selection  of,  '-Ms  249 
in  relation  to  surcharge  storagi  .  249  250,  252 
minimum  appropriate,  249  250 

Optimum  economical,  253 
Spillwaj  crests  (sm  Crests  of  spillways 
Spillway 

quacy  of,  2 17 

: 1 1 1  \  1 1  i ; i  r >  (sm  Auxiliary  spillways] 

capacity   (see  Spillway    capacity! 
channel  lining  for,  338   3  Ml 
chute  (nee  Chute  spillways 
classification  of,  260  2 
components  of,  255  260 
conduit  (gee  Tunnel  Bpillways 


Spillwaj     '  ontinued 

controls  for  (tee  ( 'ontrolli   I 

control  structure*  for.  . 
fill' 

cutotr-  ■ 

deaign  Boodi  (*«  InfloM  design  Ho. 
description  of,  255  270 
discharge    channel-    foi 

-pillw.i  . 

drop  inlet    •  ••  Drop  Inlel  spills 
emergenc) ,  2 
entrance  channel-  for, 

>.\erf:ill      -.-I  '  ,11   spills    I 

frequency  of  use,  .'  17 

function  of,  -  17 

minimum  slat 

morning  glorj  (set  Drop  inlel  spills 
•  spillwaj 

open  channel  (see  Chute  Spills  l 

outlet  channels  for,  280 
overflow  -piii.v  i 

■election  of  layout 

■  tloii  of  BUM  and   I  \  pe, 

-•■r\  ict 

-haft    (s«    Drop  inlet   spillws 

side  channel  (sm  Bid*  channel  spillws 
siphon  (*m  Siphon  spillws 
straight  drop  overfall  spills 

structural  deaign  details  for,  335 
terminal  structures 

bucket  diasipators,  259,  301  30  9  ibmerged 

bucket  diasipators 

deflector  bucketa,  259,  291 

function  of,  2 

hydraulic   jump    basins,    259,    292  301  Hy- 

draulic jump  basins 

impact  baffle  bai  107 

plunge  basins,  259,  361,  37  i 

-lotted  uratitiK  diasipators,  308  310 

tunnel  (>»»  Tunnel  spillws 
Stability  of  concrete  gravit)  dams,  239  240 

concrete  cutotr  wall-  for,  2  Ml 

-hear    friction    factor    not     u-ed    for    -mall    dam-,    240 

sliding,  23U  240 

overstressing,  240 

overturning,  239 
Stabilising   till-   for  earthfill   dam-   on   -oft    foundations, 
187  188 

construction  of,  513 
State  laws  affecting  small  dam-,  13,  70 
Steel  racing  for  rockfill  dam-.  22f 
Stilling    bssii  Bpillways,    terminal    structures   sad 

Hydraulic  jump  basil 
Stilling  well  diasipators,  361,  371,  373 
Stoploga 

for  outlet  work-,  361 

for  spillwaj  crests,  269  270 

to  increase  reservoir  Btorage  capacity,  112 
Storage  capacity  curves,  '-'.">(!  251 
Storage  dam-  (am  a/so  Earthfill  dam-.  Rockfill  dam-,  and 

(   oncrete  gravity  dan 

multiple  uses  of.  1 1_' 

operati f.  ill 

ma 

antecedent  -torm-.    129    131 
estimating  -torm  potential 

generalised  precipitation  chart-.  Js  A- 
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Storms — Continued 

probable  maximum  precipitation,  22-23,  27 

chart  for  the  United  States  east  of  the  105°  meridian, 

28 
reduction  factors  for  use  in  low  hazard  areas,  29 

probable  maximum  storm,  22-23,  27-28 

chart  for  the  United  States  west  of  the  105°  meridian, 

28 
reduction  factors  for  use  in  low  hazard  areas,  29 

runoff  from  rainfall  (see  Runoff) 

transposition  of,  28 
Straight  drop  spillways  (see  Free  overfall  spillways) 
Streamflow  (see  also  Floods  and  Inflow  design  flood) 

analysis  of  recorded  hydrograph  of,  39-41 

as  it  affects  diversion  during  construction,  395 

projects  for  regulation  of,  3 

records  used  in  estimating  floods,  19-26 

source  of  data  on,  6,  19 

yield  of,  10 
Strength  of  concrete 

as  it  affects  resistance  to  abrasion,  523 

effect  of  curing  on,  519-520 

effect  of  entrained  air  on,  520-521,  526-527 

effect  of  pozzolans  on,  522 

in  relation  to  the  water-cement  ratio,  520-521 

tests  for,  569 
Stubblefield  Dam,  219 
Subatmospheric  pressures 

allowable  in  conduits  flowing  full,  332 

in  culvert  spillways,  267,  332 

in  siphon  spillways,  267,  334 

on  controlled  crests,  283 

on  drop  inlet  crests,  314,  318 

on  nappe-shaped  crest,  262,  282 
Subcritical  flow,  438 
Submerged  bucket  dissipators,  301-305 

design  example,  303-305 

radius  of  curvature  for,  302-303 

with  slotted  dentates,  301-305 

limiting  tailwater  depths  for,  302-303 

with  solid  lip,  301-302 
Subsurface  exploration 

auger  borings,  120-122 

diamond  drilling,  123-125 

geophysical  methods,  126 

logging  of,  136-142  (see  also  Logging  of  explorations) 

penetration  tests,  125-126 

percolation  tests  in  drill  holes,  124-125 

rotary  drilling,  123-125 

sampling,  127-136  (see  also  Sampling) 

split-barrel  samplers,  125-126 

standard  penetration  borings,  125-128 

test  pits,  117-118 

trenches,  118-120 

tunnels,  120 
Sulfate  attack  on  concrete,  517-519 

type  of  cement  to  reduce,  518-519 
Supercritical  flow,  438 

in  culvert  spillways,  328 

in  discharge  channels,  288 
Surcharge  storage  in  relation  to  spillway  capacity,  249-250 
Symbols 

hydraulic,  433-435 

soil  mechanics,  479-496 

Tailwater 

as  affected  by  borrow  operations,  112 
development  of  curve  for,  464-467 


INDEX 

Tailwater — Continued 

influence  of  channel  aggradation  on,  260,  300 

influence  of  channel  retrogression  on,  260,  300 

influence  of  scour  on,  260 

Leach's  method  for  computing,  465-467 

relation  to  stilling  basin  depths,  300-301 
Terminal  structures 

for  outlet  works,  370-371 

for  spillways,  259    (see  also  Spillways,  terminal    struc- 
tures) 
Terzaghi,  Karl,  174,  192 
Test  pits,   117-118   (see  also  Logging  of  explorations  and 

Sampling) 
Tiber  dike,  219-220 
Timber  dams,  67 
Time  of  concentration 

defined,  42-43 

estimating  of,  42-43,  46-47,  52 
Toe  drains,  176,  179 

outfall  drains  for,  209-210 
Toe  support  fills  for  earthfill  dams  (see  Stabilizing  fills  for 

earthfill  dams  on  soft  foundations) 
Tolerances 

for  concrete  construction,  574-576 

for  placing  reinforcement,  575 
Topographic  maps,  5,  78-80 

Topography  as  it  influences  selection  of  type  of  dam,  68 
Topsoil  for  seeding,  585 

Trajectory  path  from  spillway  deflector  bucket  lip,  291-292 
Transition  losses,  367 

Transition  zones  (see  Filters,  used  for  transitions) 
Transitions 

at  conduit  exits,  370 

in  outlet  conduits,  369-370 

in  spillway  channels,  290-291 
Trashrack  losses,  366 
Trashrack  structures 

for  outlet  works,  360-361 

losses  through,  366 

velocity  through,  360 
Trenches,    118-120   (see  also  Logging  of  explorations  and 

Sampling) 
Trenton  Dam,  373 
Tunnel  lining 

for  diversion  tunnels,  398 

metal  waterstops  for  construction  joints  in,  590-591 
Tunnel  spillways,  264  (see  also  Culvert  spillways) 
Tunnels 

drainage  around,  381 

for  diversion  during  construction,  396-399 
closure  of,  398 
concrete  plug  in,  398-399 
lining  of,  398 

for  exploration,  120,  138 

for  outlet  works,  357-358 

for  spillways,  337 

grouting  around,  381 

lining  for,  357,  380,  398 

reinforcement  in,  380-381 

shapes  of,  358 

supports  for,  381 
Turnbull,  W.  J.,  168 

Types  of  dams  described  (see  also  Classification  of  types  of 
dams) 

concrete  gravity,  231 

diaphragm  earthfill,  159-160 

earthfill  dam,  158-162 

homogeneous  earthfill,  160-161 
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of  dami  described     <  kwtinued 
modified  homogeneous  earthfill,  160  101 
rookflll,  . 

zoned  embankment .  181 

Unified  Boil  Classification  Bysten 
Boil  olassific  it 

I     lilt     COStS,     I    I 

Unitgraph 
application  of  triangular  unitgraph,  13    15,  18   19 
derivation  of  for  ungaged  ana-,  li    12 
deriving  from  recorded  hydrograph,  39   11 
principles  of,  39 

representation  of  actual  unitgraph  b)   triangular  unit- 
graph  12,  1 1   r> 

U-. 

Unwatering  foundations,  581 

Uplift  pressure  under  concrete  dam-  (set  I  oundationa 

fur  concrete  dams 

computation  <>f,  2 13 

on  pervious  foundations,  235,  242  243 

on  ruck  foundations,  234  2:i.">,  239 

reduction  of,  23  I  235,  242 
Upstream  slope  protection,  204  209 

by  brush  mattresses,  206,  209 

by  dumped  riprap,  206  207 

by  band-placed  riprap,  207  208 

concrete  pavemenl  fur,  204-205,  207  208 
design  ol 
effect  on  freeboard,  20 1 

selection  of  type  of,  204  206 

Valves  fur  outlet  works 
Vapor  pressure,  332 
Veronese,  307 
Void  ratio,  97  98,  195    198 

Wallace,  G.   B.,  o  I  7 

Walls 

backfill  behind,  342 

fill  loads  on,  337  338 

foot ings  of,  169 

structural  design  of,  ^-(7  :W8 
w  asco  I  >am 

creel  details  of,  202  203 

design  of,  220 

emergency  Bpillway,  255 

materials  distribution  chart  for,  m7 

outlet  works  345,  388,  391,  MW 
Water 

availability  of  data  on  quality  of,  6 

curing  of  concrete,  636,  5G8,  580 

for  consolidation  of  foundations,  58  ; 

fur  curing  concrete 
quality  of,  523 
specifications  for,  570 

for  mixing  concrete 
quality  of,  523 
specifications  fur,  587,  570 


Continued 
fur  seeded  w 
quantity  of  in  concrete  mixi  meal 

rcMio\  al  ol  from  foundatio 
requirements  of  for  irrigation,  I,  l<>  11 
requirements  of  for  proj  1 1 

cement  ratii, 

effect  of  entrained  air  on,  520    ">J1 

effect  of  falsi  men!  on, 

maximum  for  durabUltj  <>f  com 
minimum  strengths  for  various  rai 
■  pressure,  233 

external,  2'.{'.i 

increase  due  t<>  earthquake  -hock,  2M>  237 
internal,  2'.\  I  •  Uplift  pi 

\\  itei   tops 
in  concrete  dam  contraction  joints,  244 
metal,  590  591 

metal  seals  in  contraction  joints 
metal  waterstops  for  construction  joint-  In  tunnel  lining, 

rubber, 

d    l     L.,  231 
heights,  203  204 

tiering  of  concrete.  .'■  I  7 
Weep  hole-.  241   242 
Weight  of  concrete  dam,  233 

dted  creep  theory 
design    of    concrete    dam-    on    pervious    foundation-    liv, 

242  243 
example  of  design  by,  242  243 
recommended  weighted-creep  ratios 
Wildlife  reservoir  proji 
investigations  of,  13 
requirements  for,  2  :5 

Willow  Creek   Dam.  348 
Willwood  Diversion  Dam,  2'M 
Wood  plank  facing  fur  rock  fill  dam-.  . 
Woodston  Diversion  Dam,  231,  346 
Workability  of  concrete,  ~>17 

effect  of  aggregate  shape  on,  523 

effect  of  entrained  air  on.  520-521 
increased  by  use  of  pouolans,  522 

Zannar,  C.  N\.  237 
Zoned  earthfill  dam- 

advantages  of.  199 

described,  161 

material-  distribution  chart  for.   197 
maximum  -i/.e  core.   1 ' «■  i   200 
minimum  sise  core.   I'.i'i   Jill 

for  a  dam  on  pervious  foundation,  200   201 
modification  of  /one  line-  near  cre-t  of.  202   208 

reason  for  soning,  199 

-lope-  of  a-  related  to  -ize  of  cure.    199-201 

slopes  recommended  for.  201 

use  of  material-  from  structural  excavation  in,  191 
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